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ABSTRACT
The aim of this thesis is to propose computational methodologies to analyse how the
morphological and microstructural changes in the soft tissues, caused by various
pathological conditions, influence the mechanical properties of tissue. More importantly,
how such understanding could provide more insights into the mechanical properties of
tissue for the purpose of quantitative diagnosis. To achieve this objective, statistical
analysis of tissue microstructure based on image processing of tissue histology has been
carried out. The influence of such microstructural changes due to different pathological
conditions has also been compared to the mechanical properties of the tissue by means of
the homogenization approach. To understand better the influence of fluid movement in
viscoelastic behaviour of tissue, an optimization based method using numerical
homogenization that is integrated with fluid-structure interaction (FSI) modelling is
presented. The microstructures of soft tissue are treated as bi-phasic materials, solid
material representing the cells and extracellular materials and fluid phase for the
interstitial fluid. Such proposed method would be beneficial for quantitative assessment
of mechanical properties of soft tissue, as well as understanding the role of multiscale
microstructural features of soft tissues in its functionality. It is envisaged that this work
will pave the road towards more precise characterization of mechanical properties of soft
tissue which can be implemented to non-invasive diagnostic techniques, in order to
improve the effectiveness of a range of diagnostic methods such as palpation for primary
prostate diagnosis and, more importantly, the life quality of patients.
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1.2

Scope and structure ......................................................................................... 3

1.1

Motivation

Although engineering is a subject with a thousands of years heritage, its applications in
life science and medicine have seen radical developments in the last few decades,
including genetic modification and synthetic biology, medical imaging techniques for
diagnostic purposes and biomaterial science. These developments embrace elements of
medicine, biology, chemistry, tissue engineering and materials science. Among those, the
field of biomechanics has grown rapidly since the pioneering work of YC Fung and his
co-workers, due to its potential to improve quality of life, in developing methods and
theories to study the mechanics of molecules, cells, tissues, and organs. In parallel, recent
advances in computational methods have brought innovative approaches to solving
biomechanical problems, by increasing the capability of quantification and prediction
when making sense of data acquired from experiments. Among the numerous areas where
1

computational modelling has become an essential tool alongside experimental
exploration, tissue mechanics is one that has seen balanced and parallel developments in
both approaches. This is due to the complex nature of biological tissues, which have
hierarchical and heterogeneous structures across a range of length scales, whose
microstructures and functionality over different time scales, and which present different
degrees of variation between samples from and between individuals. Modelling the
mechanical behaviour of tissue has followed two distinct approaches; the first approach
which is more traditional, considers the tissue as a structural material and predicts its
behaviour of tissue by applying the principles of structural mechanics. The second
approach, which is known as the mechanobiological approach, takes into account the
microstructural and biological foundation of a tissue. In this approach, it is key to
understand, quantitatively, the relationships between the tissue microstructures and its
apparent properties, as well as their evolutions with respect to the various aspects of the
biological environment.
When it comes to clinical applications, the challenge, however, is to investigate the least
invasive and cheap method for early diagnosis of pathologies. biopsy remains a key
indicator in diagnosis, but subjective, as the histological slides need to be interpreted by
a pathologist, and the diagnostic outcome may involve a certain degree of uncertainty
depending on the pathologist’s experience [1]. Furthermore, biopsy involves sampling of
suspect in vivo tissue and even though recent advances have been made in finding biopsy,
remains a risk that diseased tissue has been missed. Although various palpation devices
and methodologies have been proposed to measure the mechanical properties of soft
tissue and so reduce the cost and invasiveness of diagnosis, the accuracy of these devices
is still not high for some pathologies. The microstructural morphology of tissue can be
affected by various pathophysiological conditions, e.g. by the presence of cancer, and
2

such changes in tissue morphology could become useful indices for clinical diagnoses,
such as for diseases of the liver, in the forms of fibrosis, carcinoma and cavernous
hemangioma [2], and for various carcinomas in breast [3]. These microstructural changes
often affect the mechanical properties of the tissue, and can be utilised by various
diagnostic approaches. Palpation has been widely used for early diagnostic purposes in
soft tissue where the practitioner looks for abnormalities such as changes in the texture
or the existence of nodule. However, palpation is highly dependent on the experience of
the doctor, which therefore decreases the reliability of the method.
This thesis specifically addresses a model system, human prostate, where distinguishing
between healthy tissue, benign disease and cancer is particularly challenging. In most
palpation devices, the viscoelastic nature of tissue has been neglected for the sake of
simplicity. Viscoelasticity, however, could provide a more accurate outcome for tissue
assessment due to its potential sensitivity to the very changes in tissue arrangement
induced by pathophysiological conditions. This is beneficial to practitioners for making
a better decision for treatment and also patients to be diagnosed accurately and have
higher life expectancy.
1.2

Scope and structure

This thesis has two major goals. The first is to develop a framework for quantifying the
microstructural changes in soft tissue subject to various pathophysiological conditions
using prostate tissue as an exemplar system. This then leads us to the second goal of this
thesis, which is to build a framework of characterizing the viscoelasticity of tissue arising
from the movement of interstitial fluid, taking into account the tissue’s hierarchical
nature. The ultimate impact of this work could be critical for early diagnostics of various
pathologies, especially cancer, and to reduce the amount of invasive procedures such as
3

biopsy. Notwithstanding the limitations, it is expected, in the long term, to increase the
life expectancy of patients with instrumentation which exploits this framework in
conjunction with a suitable palpation device in order to increase the accuracy of the
method in performing the assessment in a cheaper way.
The objectives of this thesis are:


to develop a computational framework, based on the tissue histology, to analyse
the microstructural indices for the respective tissue types;



to quantify the 3-way relationship between the tissue microstructural indices, their
variations with respect to pathological condition, and the macroscopic mechanical
properties;



to develop a novel methodology for quantifying the viscoelasticity of soft tissue
arising from the physical interaction between solid and fluid phases in the tissue
microstructure;



to apply the proposed methodology to histological samples of prostate tissue and
investigate the influence of the microstructural changes in cancerous and noncancerous tissues in such a multiphasic framework.

The thesis is organized to illustrate how each of these objectives are achieved, as follows:
Chapter 2: Multiscale modelling of multi-phasic soft tissue: state of the art
This chapter reviews a range of topics investigated in this thesis. Firstly, tissue
morphology and its pathophysiological changes in prostate are reviewed. Secondly,
mechanical properties of soft tissue is assessed, including elasticity and viscoelasticity, at
various length scales, as well as methods for viscoelasticity characterization, both
experimentally and computationally. Finally, the approaches which have been taken to
deal with the heterogeneous nature of prostate tissue in the framework of fluid-structure
interaction (FSI) and integrated to in numerical homogenization are discussed.
4

Chapter 3: Image processing and microstructural characterization of prostatic
histology
This chapter deals with the establishment of the qualification framework based on
histological images of prostate tissue. The framework categorizes three main pathologies
(i.e. cancer, healthy and Benign Prostatic Hyperplasia (BPH)) based on proposed
microstructural indices, such as acinus average size, acinus area fraction and fractal
dimensions of the acinar structure. The proposed methodology is then correlated to
Gleason scores for enhanced diagnosis.

Chapter 4: Multiscale mechano-morphological homogenization of prostate tissue
This chapter presents a complementary methodology to the previous chapter, in order to
better understand the influence of apparent mechanical properties changes due to
microstructural variations in the prostate tissue. A methodology for numerical
homogenization to predict the apparent mechanical properties of cancerous, healthy and
BPH tissue samples is presented. The influence of such pathologies on the apparent tissue
elasticity is analysed and compared with the microstructural indices reported in the
Chapter 3.

Chapter 5: Parametric study of simplified tissue structure – considering the biphasic
nature of prostate tissue
In order to further investigate the influence of microstructural changes due to various
pathophysiological conditions, a fluid-structure interaction (FSI) methodology is
introduced. The influence of parameters such as strain rate, viscosity of the interstitial
fluid, and microstructure on the mechanical properties of prostate tissue is explored. The
5

focus is on how fluid movement within the microstructure influences viscoelastic
behaviour. The FSI method proposed here servers as a key basis for further investigation
of prostate histological models in the next chapter.

Chapter 6: Viscoelasticity in prostate tissue – fluid-structure interaction modelling
This chapter shows the application and feasibility of the framework presented in chapter
5 in the more realistic scenario of prostate diseases diagnosis. A computational
framework that takes into account microstructural changes in prostate tissue is proposed.
Samples which were extracted from histology images are used to implement stressrelaxation test for viscoelasticity characterisation. The effect of morphological changes
in two sets of samples namely cancerous and non-cancerous samples, were assessed.
Results show that the microstructural changes in those sample groups influence the
viscoelastic response of tissue, largely affected by the fluid movement therein.

Chapter 7: Conclusions and a glimpse into the future
In this chapter, the work carried out in the thesis is summarized and the main conclusions
are highlighted. Following this, the main areas of future work are suggested.
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2.1

Summary

SECTION
2.2

Tissue

OBJECTIVE
microstructure

and 

histopathology



Describe the hierarchy in soft tissue;
Review

the

microstructure

changes
subject

in
to

tissue
various

pathophysiological conditions;


Describe the microstructure of prostate
tissue;



Review the advantage of and limitations of
image processing of tissue histology;



Review the state of art of microstructurebased methods used for tissue diagnosis;

2.3 Tissue mechanical properties 

Review elasticity and viscoelasticity of

and its components

soft tissue, particularly for prostate tissue;


Review various viscoelastic models.

2.4 Computational methods in soft 

Review the concept of homogenization

tissue mechanics –multiscale and

and multiscale modelling.

multiphysics



Demonstrate

the

Fluid-structure

Interaction method.
2.5 Motivation and objectives of 

Identify the objectives of the thesis

this thesis
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2.2
2.2.1

Tissue microstructure and histopathology
Biological tissue and its hierarchy

Biological tissues are hierarchical and heterogeneous, composite materials, consisting of
cells and extracellular matrices built up into a variety of morphologies, and forming an
important element of the human body. They often have a number of key structural features
at a range of length scales, as shown in Fig. 2-1. Among various tissue types, soft tissue,
widespread across the entire body, surrounds, connects and supports organs. It is
classified into four major tissue types, all having different microscopic structural features,
as shown in Fig. 2-2.

Figure 2-1. Hierarchical nature of biological tissues, from macroscale to microscale.

9

Firstly, epithelial cells are always attached to each other and arranged in a fashion of a
single or multiple layers. They are often dense, with minimum intercellular space. This
type of tissue usually covers the exterior of the body and outer surface of many internal
organs i.e. body cavities and cardiovascular system; secondly, connective tissue forms
and ‘fills’ the body organs and tissues including cartilage, tendons, ligaments, bone
matrix, and the adipose (fatty) tissues as well as skin, blood, and lymph. It is composed
of various types of cells and extracellular matrix (ECM) and contains a complex mixture
of molecules including proteins such as collagen, elastin, laminin, fibronectin and
polysaccharides such as glycosaminoglycan (GAG). Thirdly, muscle tissues are mostly
responsible for movement in the body. This type of tissue is formed from aggregates of
elongated muscle cells. There are three main types of muscle tissues, cardiac muscles help
the heart to pump the blood, skeletal muscle is attached to bone and is responsible for
mechanical movement and smooth muscles are often found in internal organs i.e. bladder,
digestive tract and veins. Finally, the nervous system transfers information between
various parts of body. Nerve tissue consists of nerve cells which receive and process the
information with their dendrites form internal and external environment.
Prostate will be used as an exemplar tissue system for this thesis, and its histopathology
and microscopic structural features will be discussed in detail in the following sections.
Prostate is a glandular organ of the male reproductive system. It is normally in a size of a
walnut in younger men and it may get larger in older men. It mainly consists of columnar
glandular epithelial cells which are surrounded by connective tissue and muscle fibres.
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Figure 2-2. Illustration of the four types of tissue in the human body. The four types of
tissue are exemplified in nervous tissue (with a magnification of ×872), stratified
squamous epithelial tissue (× 282), cardiac muscle tissue (× 460), and connective tissue
in the small intestine (× 800). [4]
2.2.2

Tissue histopathology

The microstructural morphology of tissue can be affected by various pathophysiological
conditions, e.g. by the presence of cancer or benign prostate hyperplasia (BPH) in
prostate. Such changes in tissue morphology are often revealed by histological analysis
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via microscopic means, which is then used by the pathologist for clinical diagnosis.
Histology is the study of the microscopic anatomy of cells and tissues and to correlate
their structure with function. Histological analysis is often performed by examining a thin
slice (section) of tissue under a light (optical) or electron microscope. Its resolution
depends on the methods used, ranging from ~1 µm for light microscopy to 80–100 nm
for electron microscopy [5], [6]. In order to produce the histology slide, the tissue samples
need to be ‘fixed’ by chemical or physical means, cut into thin tissue sections (~4 µm for
light microscopy), and histochemically stained by a certain type of ‘dyes’ (e.g.
Hematoxylin and eosin (H&E) [7], one of the most commonly used stains – blue on cell
nucleus and pink on cytoplasm, therefore capable of rendering ideal contrast in observing
tissue microstructures).
2.2.3

Human prostate

Prostate, as an exemplar tissue investigated in this thesis, consists of round to irregular
branching prostatic glands and stromal tissue. Prostate glands take approximately half of
the volume of the entire prostate, and are connected by long tubular structures which
subsequently lead to the urethra. The fluid secreted by prostate contains various enzymes,
zinc and citric acid and consists of approximately one-third of the total volume of semen.
Different conditions such as prostatitis, Benign Prostatic Hyperplasia (BPH) and prostate
cancer can affect the morphology of the prostate tissue. In prostatitis, which may result
from bacterial infection, inflammation of prostate occurs due to the presence of
neutrophils inside glands [8] and the number of inflammatory cells also increases in the
prostate gland. In BPH the prostate enlarges due to the accumulation of
dihydrotestosterone in the prostate, which triggers tissue growth. Most of the abnormal
cell growth is promoted by glandular proliferation but an increase in stromal content can
12

also occur. The gland size may vary in BPH, however, the gland size generally becomes
larger and more noticeable [9]–[11]. Morphological changes, which also occur in Prostate
cancer (PCa), often leading to smaller glands, have also been reported to influence the
mechanical properties of prostate gland [12].
Prostate carcinoma is one of the most common cancers in men [13]. It is classified as a
glandular cancer, often causing severe disruption to the tissue microstructure, manifested
as a reshaped glandular pattern and microstructure. Such microstructural changes are
often utilized in diagnostic methods, including histopathology, for soft tissue cancers
following biopsies, using certain microstructural indices such as those used in Gleason
grading system [14]. The Gleason system classifies prostate cancer into five grades
represented by numbers ranging from 1 to 5, with 5 being the most aggressive case [15].
It utilises microstructural indices of the prostatic tissue, such as morphological patterns,
shape and size of the glands. Gleason “score” is based on recognizing the “primary” and
“secondary” grade and then summation of the two gives the overall assessment. Fig. 2-3
shows schematic examples of the five grades. In the Grade 1 the glands are uniform and
round; Grade 2 shows more variable shapes than Grade 1 and the stromal content
increases between glands; in Grade 3 the tissue consists of well-formed glands with
porous architecture and round nests which may be distorted or compressed; Grade 4
shows poorly formed glands and complex papillary-cribriform islands; and Grade 5
shows solid masses with no clear formation of gland and infiltrating cords and single cells
[14]–[16]. Increasing Gleason grade is generally associated with a reduction in the
differentiation of the epithelial – lumen structure of the granular component of the
microstructure and so it would seen that tissue texture analysis could be of essential aid
for the identification of tissue composition in prostatic neoplasia, based on the
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histological micrograph of tissue samples using staining methods such as Hematoxylin
and Eosin (H&E).

Figure 2-3. Schematic illustration of Gleason grade and the idea of scoring based on the
microstructural changes. A, B and C are notations for different patterns [16].

2.2.4

Image Processing – Digital pathology

Image processing as has shown great potential an assistive tool in improving the
effectiveness of clinical diagnostics, particularly in the area of digital pathology, using
such methods as automated carcinoma detection and classification [17], in prostate [18],
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[19], breast [20], [21] and lung [22] cancers. Image processing operates on the
histological slides to enhance information and quantify the visual aspects of the tissue
image. The first stage is to pre-process the image to remove the unwanted content (denoise), and is followed by segmentation in which the image is divided into different
sections. The morphological features (e.g. texture, colour intensity and etc.) of each
section are then extracted for further characterization. Classification of the samples is the
ultimate goal of image processing for digital pathology. For diagnostic purposes, tissue
(or cell) samples are assigned and classified into cancerous, non-cancerous classifications
and the level of malignancy may also be quantified.
Diamond et. al. [23] have shown the potential of quantitative classification of prostatic
lesions by means of histological texture and processing the image patterns and
morphologies. A number of indices have been used to describe the tissue microstructure,
including morphometrically features such as boundary, shape (e.g. eccentricity,
sphericity) [21], [24], [25], topological features based on Voronoi diagrams [18], [20],
intensity of the colour and architectural and global texture features [18], [19]. A different
approach which has recently received some attention is using fractal dimension (FD) to
describe the texture of tissue. This method has been used to differentiate between benign
and malignant cases of breast cancer mammograms [26], psoriatic lesions [27] and
trabecular and cortical bone [28], [29]. Recent studies have shown that fractal geometry
is useful in describing pathological structures of prostatic carcinoma [30]. Automated
grading systems using fractal features and other types of image processing techniques
have also been introduced for improved classification of the Gleason grading system [31].
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2.2.5

Diagnosis

Diagnosis of soft tissues is a complex task due to inter-patient variability as well as
variations with age, physiology and other factors such as the use of drugs (e.g. antibiotics
and anti-inflammatories).
Palpation has been used to detect abnormality in tissue for centuries. It consists of
touching the tissues, looking for lumps or changes in roughness that can be related to
pathophysiological anomalies. The technique is still used nowadays due to its noninvasiveness and low cost, even though, it is subject to inter-practitioner variations. More
importantly, the results are qualitative rather than quantitative. Novel devices such as
those using instrumented palpation have been developed to address this problem, were
being used in pre-clinical studies [12], [32] as illustrated in Fig. 2-4. Nevertheless,
developments are still required to determine the mechanical properties based on the force
feedback received and, more crucially, relate them to the underlying microstructures and
ultimately to its pathological condition. The gold standard in soft tissue diagnosis is the
biopsy where tissue samples are taken invasively, usually in an operating theatre, and
later analysed under the microscope histopathologically. However, biopsies have certain
disadvantages: they are invasive, expensive and not free from post-operation risks.
Furthermore, it has been shown that some biopsies such as prostatic biopsies have a high
rate of false positives and negatives [33]. Image based analysis such as MRI [34], [35],
CT scans [36], [37], PET scans [38] and elastrography have the advantage of providing
the useful information of the anatomy necessary to make appropriate diagnosis or surgery,
however they are unfortunately not often used as a primary screening approach.
Therefore, it is essential to develop methodologies to link the apparent mechanical
behaviour of tissue (such as those derived from instrumented palpation) to its underlying
pathological conditions, via an established quantitative structure-property relationship.
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Figure 2-4. Examples of clinical diagnostic methods for prostate. a) Clinical applications
of PET/MRI [38] b) Prostate biopsy with ultrasound probe [39] c) front/back view of
probe device prototype for diagnosis with palpation [32]

2.3

Mechanics of soft tissues

Mechanical properties of soft tissue, like most engineering materials, are dependent on
microstructure and are subject to the hierarchal nature discussed above. However, their
mechanical properties, even at the same structural length scale, are well known to vary:
(i) between samples from the same tissue type, namely intra-/inter-patient variabilities;
(ii) between various tissue types; and, (iii) subject to development of disease or ageing.
This, in addition to its well-known variations across a range of spatial scales, is illustrated
in Fig. 2-5. For example, an increase of stiffness in large arteries has been reported due
to ageing and among haemodialysis patients and type 2 diabetics [40]–[42]. Tissue
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stiffness (i.e. ECM stiffness) has also been reported to vary as a result of the progression
of diseases and tissue homoeostasis [43]. Mueller et al. [44] proposed stiffness of liver
tissue as a novel index to quantify the degree of liver disease, in order to better understand
the mechanisms of liver fibrosis. In addition, elasticity of prostate tissue has been used as
a qualitative biomarker for the detection and quantification of prostate cancer[45].

Figure 2-5. Mechanical properties (elastic modulus) of aorta, as an example, in different
length scale from ECM level to organ level [42].

2.3.1

Elasticity

Soft tissues present complex mechanical behaviour. The Elastic part has been modelled
with different constitutive equations such as neo-Hooken[46], Mooney-Rivlin [47] and
Ogden [48]. The elastic behaviour of soft tissues has been studied in the literature, at both
tissue scale and the microscopic cellular scales. Firstly, at the tissue scale, multiple studies
have been carried out to analyse the elasticity of muscle [49], [50], whose behaviour can
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be modelled using a hyperelastic law [51]. Of particular interest is the work of Holzapfel
and Gasser in the modelling of aortic tissue using a novel strain energy function that is
capable of accounting for the inherent anisotropy of soft tissues due to the collagen fibres
therein. In fact, their work has led to the Vascops software (i.e. vascular diagnostic
software to provide patient specific risk assessment on vascular treatment based on
imaging data) [52], [53] that is currently used in clinical practice. In addition, heart and
mitral valve tissue have also been widely studied due to an increasing number of casualty
caused by cardiovascular diseases. In particular Li et al. [54] has studied the anisotropic
property of porcine aortic valve and its effects on its mechanical behaviour and the failure
mechanisms. Furthermore, studies on breast tissue have shown that the stiffness of
cancerous breast tissue is between 2.5 – 5 times, higher than healthy tissue [55] depending
on the strain rate used. The mean elastic modulus of prostate tissue from the cancerous
and noncancerous regions have been reported as 24.1 ± 14.5 and 17.0 ± 9.0 kPa [56],
respectively.
At the cellular scale, on the other hand, variations of the mechanical properties of cells in
both cancerous and BPH conditions in prostate have been reported measured using atomic
force microscopy [57]. This study indicated that the cancerous cells are often softer, in
contrast, to the macroscale where the tissue is stiffer in the cancerous regions which could
be due to higher cell density and higher content of stromal tissue. For tendons, the large
strain behaviour of tendons has been analysed by Shearer [58], who developed a strain
energy density function that links the mechanical behaviour at large scale with the
underlying fibres and their intrinsic properties (e.g. length, crimp length, diameter of the
fibres).
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2.3.2

Viscoelasticity in soft tissue

2.3.2.1

Origin of viscoelasticity

The main focus of this thesis is to investigate the influence of fluid filled in tissue on its
apparent viscoelasticity. This would offer a model which is able to mimic the
viscoelasticity of tissue given rise by the hierarchical and biphasic nature of soft tissue,
and will form the basis of this thesis. Viscoelasticity in soft tissue has been traditionally
believed to arise from the shear interaction of collagen fibrils within the matrix of
proteoglycans, in which the matrix provides viscous lubrication between collagen fibrils
[59], [60]. This model is alien to the theory of viscoelasticity in polymers where the shear
interaction is conditioned by crosslinking and van der waals forces between them
.Collagen fibres have been suggested to exhibit progressive decreases in stiffness with
ageing, due to breakage of interfibrillar bonds or, on the contrary, irreversible uncrimping of collagen fibres leading to increase in the tissue stiffness of tissue [61].
However, the origin of viscoelasticity in biological tissues is still unclear [62], [63]. Many
researchers investigated that redistribution of interstitial fluid is involved in the
viscoelastic (i.e. stress relaxation/creep) behaviour of soft biological tissue [64], [65].
Haslach et al.[66] investigated the role of the extracellular fluid (ECF) in the dynamic
mechanical response of rat brain tissue, where the behaviour of ECF can be influenced
by the interaction of compression and translational shear due to hydrostatic pressure
which supports stress. Parker [67], [68] has proposed a cubical model with an internal
fluid micro-channel which represents an idealized tissue block subjected to uniaxial
loading.
2.3.2.2

Continuum mechanics approach for tissue viscoelasticity
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Viscoelastic materials exhibit both elastic and time dependent (i.e. viscous) behaviour in
tension and compression. Unlike elastic materials, stress can relax over time, e.g. under
constant strain in viscoelastic materials. Creep (i.e. deformation changes with time under
constant stress), stress relaxation (i.e. varied stress under constant deformation), and
dynamic (e.g. deformation changes under sinusoidal loading) are commonly used for
mechanical characterization of viscoelastic materials, as illustrated in Fig. 2-6.

Figure 2-6. Common methods for viscoelastic characterization.

Maxwell and Kelvin-Voigt models are often used, as shown in Fig 2-7 for characterizing
viscoelasticity, use elastic springs and viscous dashpots, connected sequentially (i.e.
Maxwell) or in parallel (i.e. Kelvin-Voigt), to represent time dependent behaviour of a
viscoelastic system. However these models, Maxwell and Kelvin-Voigt, are only accurate
to model stress-relaxation and creep individually.
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Figure 2-7. Schematic of Maxwell model (a) and Kelvin-Voigt model (b), as examples
of phenomenological models often used to characterize material viscoelasticity. µ is
viscosity of damper and E is stiffness of spring

The equations below represent the Maxwell and Kelvin-Voigt models, respectively, when
𝜎 is applied stress. For a Maxwell model, equilibrium gives,

𝜎 = 𝜎𝑠 = 𝜎𝑑

(2-1)

where σis the applied stress, 𝜎𝑠 is the stress in the spring and 𝜎𝑑 is the stress in the damper.
The kinematic condition is,

𝜀 = 𝜀𝑠 + 𝜀𝑑

(2-2)

where ε is the total strain in the Maxwell element, 𝜀𝑑 is the strain in the damper and 𝜀𝑠 is
the strain in the spring

𝜎 = 𝜎𝑠 = 𝐸 ⋅ 𝜀𝑠

(2-3)

𝜎 = 𝜎𝑑 = 𝜇 ⋅ 𝜀̇𝑑

(2-4)

Differentiating Eq. (2-2) and replacing the strain rates of the spring and damper using
Eqs. (2-3) and (2-4) gives after rearrangement
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𝜎̇ +

𝐸
𝜎 = 𝐸𝜀̇
𝜇

(2-5)

To obtain the solution of Eq. (2-5) for the case of creep note the applied stress is constant
and can be written as

𝜎(𝑡) = 𝜎0 . H(𝑡)

(2-6)

where H(t) is the unit step function (otherwise known as Heaviside function) and is
defined as

H(𝑡) = 1 for t > 0
(2-7)
H(𝑡) = 0 for t < 0
In other words the stress is constant for time greater than zero. With this input the solution
of Eq. (2-5) is

1 𝑡
𝜀(𝑡) = 𝜎0 ( + )
E 𝜇

(2-8)

the solution of Eq. (2-5) for relaxation is obtained using a step input in strain,

𝜀(𝑡) = 𝜀0 . H(𝑡)

(2-9)

With the resulting stress output of

𝑡

𝜎(𝑡) = 𝜀0 . E𝑒 − ⁄𝜏

(2-10)

where E is the spring constant and τ=µ/E is the relaxation time.
For the Kelvin-Voigt model the equilibrium equation and the kinematic condition are,
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𝜎 = 𝜎𝑠 + 𝜎𝑑

(2-11)

𝜀 = 𝜀𝑠 = 𝜀𝑑

(2-12)

Under the creep loading the solutions becomes

𝜀(𝑡) =

𝜎0
𝑡
(1 − 𝑒 − ⁄𝜏 )
E

(2-13)

A more realistic mathematical model can be developed by considering series of Maxwell
elements in parallel, a model with many elements called a Generalized Maxwell Model
as shown below in Fig. 2-8,

Figure 2-8. Schematic of Generalized Maxwell Model
The solution of Generalized Maxwell model for given strain input, ε(t), can be found by
superposition of n first order differential equation solutions or by solution of the single
nth order differential equation.

𝜎𝑖 + 𝜏𝑖 D𝜎𝑖 = 𝜇𝑖 D𝜀𝑖 (𝑡)

(2-14)
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where i ranges from 1 to n. The kinematic constraint again assumes that the strain in each
element is the same as the global strain, εi(t)ε(t). And the equilibrium constraint assumes
that the solution for the global stress is simply a sum of the individual stresses, σ(t)
σ1(t)σ2(t)…σn(t). For the condition of stress relaxation, ε(t) ε 0H(t), the solution
of these linear differential equations can again easily be found by superposition
𝑛

𝜎(𝑡) = 𝜀0 ∑ 𝐸𝑖 𝑒

−

𝑡
𝜏𝑖

(2-15)

𝑖=1

This type of representation is sometimes called Prony series [69] and such an exponential
expansion is often used to describe the relaxation modulus of a viscoelastic material even
without reference to a mechanical model. The method of Prony series is often used to fit
the results from stress relaxation or creep tests, with a number of decay functions. This
method is simple and provides a good insight in the relationship between modulus and
relaxation times. It has been used for characterizing different tissue types, including
viscoelasticity in prostatic tissue where the time constants have been used as a quantitative
assessment index for tissue quality [70]. Also the time-dependent behaviour of aortic
valve tissue has investigated under various strain and loading conditions, in both
circumferential and radial directions using Prony series [71]. Kelvin-Voigt fractional
derivative (KVFD) [72], [73] is also capable of characterizing stress-relaxation and creep
behaviour simultaneously. The KVFD model is a generalization of the Kelvin-Voight
model where the stress in the dashpot is equal to the first derivative with respect to time
of the strain. In the KVFD model the stress in the dashpot is equal to the fractional
derivative of order α of the strain[74]. The KVFD has been proposed to investigate the
frequency-dependent viscoelastic material properties of liver tissue [75], [76].
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More sophisticated models such as a recruitment model (i.e. power law) extend the idea
of using spring and dashpot for specific applications (e.g. modelling of lung tissue) by
introducing sequential series of Maxwell elements [77]. This model, which works well in
the case of lung tissue, involves recruitment at two different levels, one being at the level
of the elastic elements within each relaxation unit and the other being at the fibre–fibre
level (i.e. stiffening in lung parenchyma) [78].
For dynamic measurements, on the other hand, cyclic loading is often applied to the tissue
sample, usually in the form of sinusoidal deformation and the phase lag between stress
and strain is analysed to characterize the viscoelasticity of the material. In such tests,
different techniques can be used to identify the corresponding transfer functions related
to the stress and strain in Laplace space [79]–[81]. Both quasi-static and dynamic tests
can measure the characteristics of the material therefore these tests should be selected
based on the individual applications. Among them, Prony series has shown great
feasibility and been widely used to fit experimental data (mostly in the forms of creep or
stress relaxation) of various materials such as polymers [82], silicon [83] and biological
tissues including blood vessels [84], prostate [70], ligament [85] and brain [86].
One of the aims of viscoelastic characterization is to obtain the time constants or phases
lag which describe the behaviour of the material. However, there are some limitations for
such models for such purposes the method of Prony series is used to model of linear
viscoelasticity and, on its own, is not capable of modelling nonlinear behaviours.
Unsatisfactory curve fitting of experimental data has also been observed [87] when Prony
series is used. There is still ambiguity about the number of fitting parameters in using
Prony series - using a large number of fitting parameters may sometimes lead to more
accurate fitting, but the model could become unnecessarily complicated and it will be
difficult to provide clear physical interpretation of what the derived parameters mean.
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Therefore, it is critical to find the balance between the fitting error and the number of
parameters used, and this will be explored in this thesis in the context of viscoelastic
characterisation of prostate tissue.
2.3.2.3

Other approaches of viscoelasticity characterization

Holzapfel and co-workers [88]–[90] have proposed a series of viscoelastic models which
characterise the viscoelasticity in soft tissues related to the constituents of tissue
hierarchy, such as the arterial wall, based on postulating a particular anisotropic fibrereinforced strain energy density function. Strain hardening or softening may appear in
viscoelastic materials especially biomaterials and elastomers, and viscoelastic models
have been proposed to predict the behaviour of vascular tissue including softening due to
damage [91]. Gasser et al. [92] emphasized the influence of material anisotropy on
viscoelasticity and proposed a framework for viscoelasticity application with finite strain
to muscular tissue in heart. Bergström and Boyce presented a model to predict time
dependent behaviour of soft tissues under cyclical loading, and their model decomposes
the stress-strain behaviour into contributions of micro mechanics of macromolecular
networks (i.e. fibre network in tissue) [93], [94]. Screen [95] has shown that sliding
between collagen fibers contribute to the viscoelastic behaviour of tendon fascicles, by
testing viscoelasticity and stress relaxation in tendon fascicles under the confocal
microscope and comparing this with the tissue responses at the macroscopic level.
Poroelasticity and poro-viscoelasticity have also been used to model the mechanical
behaviour of biphasic tissues such as cartilage [96], [97], tendon [98] and liver [99]. In
these studies, it was found that the interstitial fluid pressure has a significant influence in
the apparent mechanical properties of the tissue.
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2.3.2.4

Tissue heterogeneity and multiphasic and multiphysical nature – a
potential source of viscoelasticity

Most soft tissues such as skin, breast and prostate are materials with a high degree of
heterogeneity and complex underlying microstructure, as illustrated in Fig. 2-8. more
importantly they are also multiphasic with components such as cells and elastic fibres that
are often described using the laws of solid mechanics [100], [101], but incorporating
fluidic components. These fluidic components can operate at a range of scales, from the
interstitial fluid that is in constant exchange with the vascular network [102] as well as
larger fluid-filled components such as glands, and larger blood and lymph vessels. The
interaction between the solid and fluid phases within such heterogeneous and multiphasic
materials, alongside the intrinsic properties of the constituents, contributes as a whole to
the apparent properties of tissue. However, a quantitative structure-property relationship,
i.e. how the mechanical interaction between the solid and fluid components in the
heterogeneous microstructure of tissue affects its apparent properties, is still unclear.
Viscoelasticity, as an apparent mechanical property of tissue affected by microstructural
changes, has been proposed for the diagnosis of pathological conditions in such tissues
as prostate cancer [103], liver tumors [104], breast cancer [105], [106] and is based on
metabolic activity or cyclic loading in tendons [107]. In prostate tissue, for example,
acinus in malignant tissue usually has irregular geometries and is found scattered in
stroma as clusters or isolated, becoming less recognizable compared to those in healthy
tissue [108], [109]. Such changes in tissue morphology could subsequently lead to a
change in the mechanical properties at the macroscopic level [12], which can be used in
clinical diagnosis such as instrumented digital rectal examination [110] and elastography
[111], [112]. It is therefore critical to understand how morphological change in tissue
subject to certain pathological conditions manifests itself in its apparent viscoelasticity,
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in particular taking into account the heterogeneous and multiphasic nature of the tissue
microstructure.
The influence of the movement of interstitial fluid a the mechanical behaviour of tissue,
such as in cartilage [64], [113], brain tissue of rats [114] and the micromechanics of tissue
growth [115], [116], has been reported in the literature. Methods based on a continuum
mechanics approach such as poroelasticity have been proposed to model the fluid flow in
porous media [117], cartilage [118] and soft tissue [96]. Although successful in modelling
the behaviour of the fluid flow at the apparent continuum scale, such a continuum
approach is incapable of accounting for the tissue heterogeneity arise from its underlying
microstructure. More recently, Parker and co-workers [67], [119] have proposed a series
of mathematical models that take into account the biphasic nature of tissue, including the
flow of interstitial fluid in the tissue, subject to stress relaxation. Nevertheless, the critical
role of the physical mechanism of the multiphasic and multiphysical interaction in the
apparent tissue viscoelasticity is still unclear, particularly when it is affected by the tissue
microstructure that may evolve with certain pathologies.
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Figure 2-8. Histology images of prostate samples, where the complexity of tissue
microstructure is illustrated. a) a healthy tissue sample b) a sample with 70% cancer and
c) a sample with 100% cancer [120].

2.4
2.4.1

Histology-based computational methods–multiscale and multiphysics
Multiscale modelling – homogenization method

It is well-known that almost all engineering materials and biological tissues are
heterogeneous to some extent. Heterogeneity in materials, covers a broad scope but is
often defined as non-uniform distribution of components and their properties. Materials
with heterogeneity often exhibit complex mechanical behaviour, as a result of such ‘nonuniform distribution’ of their material properties, at both macroscopic and microscopic
scales. In general, there are two principles applied in modelling heterogeneous materials
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and their mechanical behaviour. The first is to utilize continuum approaches where the
heterogeneous material is represented by an homogeneous one that presents equivalent
behaviour, often at a higher length scale [121]. This approach is often adopted when the
mechanical behaviour at the underlying length scale (i.e. microscopic) is not of particular
interest. The second approach is based on micromechanical principles, accounting for the
underlying microstructure of the material and its heterogeneity [122] so the detailed
mechanical behaviour at the microscopic scale is modelled. The combination of the two,
i.e. starting off from the microscopic scale to derive the constitutive laws in order to
understand the resulting macroscopic behaviours, is often referred to as ‘multiscale
modelling’, which may involve more than two scales with additional meso-scales in
between.
The microstructure of heterogeneous materials (for the sake of simplicity, only two
materials are considered) can be observed in two phases, including the material which
forms the continuous base and often referred to as a matrix, and the other material which
is often discretely embedded in the matrix and often referred to as an inclusion. The
process of finding the ‘apparent’ behaviour of such heterogeneous material is therefore
called ‘homogenization’. This approach, originally developed mainly as a group of
mathematical methods for multiscale problems, has become popular in solving practical
engineering

problems

especially

in

materials

with

periodically-distributed

microstructures such as fiber- reinforcement composites [123].
Among the many homogenization methods as discussed above, two types of
implementation are particularly popular, namely analytical and numerical. Firstly,
analytical homogenization methods, taking asymptotic homogenization as an example,
often assume that a composite is assembled from representative volume elements (RVEs)
which are repeated periodically. On the other hand, numerical homogenization, e.g.
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methods based on the finite element method (FEM), is a well-known approach which was
developed to evaluate the effective mechanical properties of various composite materials
with periodic microstructure in the 1960s [124], [125]. Therefore, the characteristic of the
composite as a whole is assumed to be the same as the characteristic of the RVE, as long
as there is a distinct difference between the two length scales [126], as illustrated in Fig.
2-9.

Figure 2-9. Schematic illustration of homogenization of hierarchical, multiscale
structures by choosing an RVE. The three microstructures are representative ones from
prostate histology.
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A number of analytical approaches have been described in the literature [127]. The
Parallel and Series models, known as Voigt [128] and Reuss [129] models, are the
simplest ones that can be used to characterise biphasic systems. These models are often
used as benchmarks for validation of new models since they offer upper and lower bounds
of effective properties of biphasic materials. The effective medium theory (EMT) model
[130] is based on the assumption that the materials have a completely random distribution
of all constituents, and provides a qualitative trend of effective properties which represent
the whole material. Some other models have also been proposed, based on combination
of basic models, for more complex structures or forming a network of simple parallel and
series models [131][132].
Alternatively, Hashin and Shtrikman [133] have derived theoretical material bounds for
the apparent properties for biphasic systems, which are available for elastic problems
[134], based on presumed quasi-homogeneity and macroscopic isotropy of the materials,
but without accounting for the geometries/topologies of the inclusions. Friedman used
analytical approaches to predict the effective conductivity of unsaturated porous media
[135]. Other models have been proposed to derive the effective property based on the
volume fractions of the multiple phases and their mechanical properties, often fitting the
experimental data or expanding from the existing models such as Maxwell-De Loor [136]
and Friedman models [137]. Although many analytical models have been introduced to
predict the effective properties of complex structures, there are still some limitations:
firstly, most of those theoretical models introduce factors with no physical meanings, such
as experimental parameters; secondly, most models become over-simplified, making
them incapable of modelling complex physical phenomena (e.g. nonlinear problems and
fluid flow); thirdly, most are incapable of dealing with heterogeneous materials with more
than two phases.
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Numerical homogenization has been used to predict the effective material properties of
both compressible and incompressible composite materials with small or large strain
[138] and also for nonlinear materials (e.g. viscoelastic) [139]. Different boundary
conditions have been proposed for the purpose of numerical homogenization. For
example, static uniform boundary conditions (SUBCs) consist of imposing a set of stress
fields, and kinematic uniform boundary conditions (KUBCs) consist of a set of prescribed
displacement fields, at the boundaries of the chosen region of interest (ROI). Applying
such boundary conditions often results in an upper bound for the effective mechanical
properties in the case of KUBCs which is recognized to be an over estimate and a lower
bound on the effective mechanical properties in the case of SUBC [140]. In addition, a
periodic boundary condition (PBC) can be used when there is an RVE that can be
considered as ‘representative’, i.e. when there is a distinct difference between length
scales and the material indeed has a periodic microstructure [141]. A PBC does not always
give a robust solution, especially when the material cannot be considered to have periodic
microstructure. To tackle this issue, Han and Wriggers [142] proposed a so-called
window method in which the ROI is surrounded by a frame of homogenous material. This
method was later developed where the frame material was iteratively optimised until it
matches the macroscopic response obtained [143], [144], thus making the frame have a
the equivalent apparent properties of the heterogeneous system. Other methods, such as
the moving window method [145] can also improve the feasibility of numerical
homogenization when tackling materials with non-periodic structures, where the
sensitivity of the location and size of the chosen ROI is analysed in order to give a more
detailed picture of the degree of heterogeneity of the macroscopic material.
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2.4.2

Multiphysical modelling in tissue – Fluid-Structure Interaction

Multiphysical systems involve multiple physical phenomena that may affect each other,
such as electromagnetics [146], solidification [147] and Fluid-Structure Interaction (FSI).
The tissue is multiphasic, consisting of interstitial fluid and ‘solid’ tissue phase. In this
regards, analysis of fluid-structure interaction becomes an ideal candidate, by which the
interaction between the tissue solid and fluid phases can be modelled in the context of
complex tissue microstructures. It is a multiphysical modelling technique and is often
applied to complex systems in which interaction between a deformable structure and fluid
flow is of interest, with a wide range of applications in engineering and biomechanics
[148]–[150]. One major application of FSI is in the modelling of the cardiovascular
system, where ‘solid’ tissue constantly mechanically interacts with blood flow. FSI has
been used to simulate the behaviour of postulated flow through a flexible channel [151]
as well as interaction of blood flow with the vessel walls which provides better
understanding of blood flow dynamics and circulatory system [152]. At the organ scale,
a realistic heart model has been used to predict the elastic behaviour of the mitral valve
using a dynamic FSI modelling technique [153], [154]. Furthermore, Malve et al. [149],
[155] have also shown the potential of FSI over standard CFD modelling by comparing
the flow patterns through the airways in trachea and main bronchi, in order to explain
possible mechanisms in respiratory mechanics. The influence of blood flow in causing
atherosclerotic plaques to rupture in stenotic arteries has been studied using FSI
simulation of lipid plaque [156], [157]. Another advantage of FSI in this field is that,
because it is based on physical modelling and able to account for geometries and
topologies from medical imaging, it is often used as a tool to investigate the influence of
patient specific features. Wu et al. [158] recently used FSI for transcatheter valve
replacement in both a patient specific scenario and an in vitro test to estimate the
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feasibility of the FSI model. Abdominal Aortic Aneurysm rupture risk has also been
studied using FSI modelling. With this methodology Xenos et al. [159] could predict the
potential position of the rupture. Birmingham et al. [160] developed an FSI framework
for bone and marrow tissue to capture the influence of mechanobiological variations in
the marrow such as its viscosity on the overall mechanical response of bone.
In summary, FSI has been used in biomechanics to take into account the interaction
between the fluid and solid phases, but mostly in cardiovascular scenarios where the
interaction occurs between tissue and the blood stream. There is little existing work on
using such technique in tissue microstructure (i.e. between solid tissue phase and
extracellular fluid), and this thesis will attempt to explore the complex mechanical
behaviour of soft tissue by taking into account its multiphasic and multiphysical nature.
2.5

Bridging the gaps

Based on the motivations and objectives of this thesis mentioned above, the following
topics will be studied in the succeeding chapters:


Morphological changes often occur in tissue as a result of various pathophysiological
conditions. Considering tissue as a hierarchical composite material, it is important to
understand the influence of these microstructural changes on mechanical properties
of the tissue at different length scales. To provide and appropriate analytical
framework, it is critical to analyse tissue microstructure and find the correlation
between microstructural changes and their mechanical properties which can provide
better understanding of tissue quality for diagnostic purposes.



Soft tissues are multiphasic, consisting of hierarchical and heterogeneous
microstructures. It is therefore important to establish a quantitative structure-property
relationship, taking into account its multiphasic and multiphysical microstructures.
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By doing this, it is possible to further understand why soft tissue behaves in a specific
mechanical way (e.g. viscoelasticity), and the multiphasic and extent to which is
multiphysical nature influences properties, in addition to the established contribution
to viscoelasticity due to the intrinsic properties of the tissue components.


It is crucial to correlate the apparent mechanical properties of tissue with respect to
the variations in tissue microstructures, which can be caused by certain pathologies.
This could lead to an enhanced understanding in applications such as cancer diagnosis
in prostate, where the viscoelastic properties have already been used as key indices in
such diagnostic protocols as magnetic resonance elastography [161], ultrasound
elastography [162] and instrumented palpation [70]. A deeper understanding of the
relationship between the structure and its mechanical response could also complement
and enhance the diagnostic power of imaging modalities; for example ‘restricted
diffusion’ on Diffusion Weighted Imaging of an MRI scan is one of the parameters
used to assess whether cancer is present or absent. It is likely that water “diffusion”
is being restricted on MRI as the glandular spaces become more compressed by cancer
cell growth.
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3.1

Summary

Prostate cancer is one of the most common cancer in men[13], often in forms of poorly
differentiated carcinoma, presenting irregular acinar shape and size and less recognizable
gland pattern in tissue morphology, causing severe disruption to the tissue microstructure
and functionality. Such microstructural changes are often revealed by microscopic
histology on tissue samples obtained from biopsies and subsequently utilized to study the
manifestations of disease using such methods as Gleason grading system [14]. The
Gleason grading system uses the morphological indices, as mentioned above, to help
stage the cancer and evaluate the prognosis. However, it is a subjective procedure as the
histological slides need to be interpreted by a pathologist, and the diagnostic outcome
may involve a certain degree of uncertainty relying on the pathologist’s experience which
negatively influences patient care[1]. For example, disagreement among uropathologists
interpretation of Gleason score for some cases (e.g. low grade tumours, tumours defined
with small cribriform structures and tumours in the border areas between the classic
Gleason patterns) has been reported[163]. Therefore computational methods such as
image processing may be of importance to assisting pathologists in processing the
histological information, by reducing the subjectivity and increasing the efficiency of the
clinical diagnostics of cancer[164].
Although automated grading system by use of those microstructural indices have been
employed for tissue histopathological assessment, e.g. for better classification of Gleason
grade system[31], this chapter aims to take this to the next level, by not only quantifying
the sensitivity and effectiveness of a range of tissue microstructural indices such as area
fraction and fractal dimension for samples in healthy, BPH and cancerous conditions.
This chapter is structured as follow: first the image processing and sample preparation
are discussed; then the methodologies and indices are introduced; finally, the results are
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shown and discussed. The result of this chapter, i.e. the morphological indices, will be
attempted to link to the elasticity of the tissue samples in the next chapter, for the purpose
of prostate cancer diagnosis.
3.2

Image processing and analysis of prostate histology

Prostate tissue obtained from a patient who was diagnosed with an acinar adenocarcinoma
with a Gleason score of 4+3 (i.e. as described in page 13, most of the tumour is grade 4
and less is grade 3, and they are added for a Gleason score of 7) is selected in this study.
Fig. 3-1(a) shows the histological image of the tissue sample stained with H&E and three
regions, i.e. malignant, benign prostatic hyperplasia (BPH) and benign, marked and
classified by the pathologist. The image was converted into binary, as shown in Figs. 31(b-d) using a grayscale range of 0-142 (where 0 denotes black and 255 white) to identify
regions containing acinar fluid (white in both cases) in tissue histology and 143-255 for
those of ‘solid’ tissue phase consisting of branches of glands and stromal tissue (pink in
H&E; black in the binary images)
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Figure 3-1. Histology of a prostate sample. (a) Prostate histology image stained with
H&E contain three different zones namely: cancer (marked with red), BPH (marked with
black) and healthy tissue. Microstructures of cancer (b), BPH (c) and healthy (d) samples
are shown in regions of interest (ROIs) of 2.14mm.
As shown in Fig. 3-1, in order to investigate the heterogeneity and sensitivity (to the size
of chosen sample) of tissue morphological indices, the entire histology image is divided
into regions of interest (ROIs) using a range of sizes, i.e. 0.54 mm (40 × 40 pixels), 1.07
mm (80 × 80 pixels) and, 2.14 mm (160 × 160 pixels). It should be noted that the ROIs
that contains the background of the histological image, i.e. those with the background
colour of the histology slide, were discarded. A summary of ROI selections used in the
study is shown in Table 3-1.
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ROI size

0.54 mm (40 × 40 1.07 mm (80 × 80 2.14 mm (160 × 160
pixels)
pixels)
pixels)
Healthy

Cancer

BPH

Healthy

Cancer

BPH

Healthy

Cancer

BPH

Number
of ROIs

Table 3-1. Summary of the number of samples and sizes considered throughout the study.

286

1042

485

87

421

149

31

139
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3.3

Morphological characterization

Four microstructural indices, namely, average size of acinus (A), area fraction of acinus
(ρ), fractal dimension (FD) and lacunarity (L) are analysed for all ROIs, and their
definitions are given below.
3.4

Size and area fraction of acinus

Acinus, the smallest structural component of the prostate gland, contains fluid secreted
and lined by secretory epithelial cells. Morphological changes of acini, such as their size
and fraction, are therefore of critical importance. Mean size of acinus (A) is calculated by
taking the average value of the acini areas in each ROI, whereas the area fraction of acinus
(ρ) is calculated as a ratio of the areas between acinus and ROI.
3.5

Fractal dimension (FD)

FD is used here as a potential microstructural index for characterizing the complexity of
prostatic gland patterns, measuring the length of a curve by dividing it to smaller scales.
For a given geometry (i.e. an ROI), firstly the boundary of acini is detected from binary
image (i.e. ROI). To calculate the value of FD, box counting method [165] is used, where
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a grid of certain spacing is placed over the ROI and the number of boxes that contain
white pixels (i.e. acinar structure) is counted (Fig. 3-2). This process is then repeated for
multiple grids with varying spacing. As the box size increases, the number of counted
boxes decreases, and the FD is calculated using linear regression of the logarithmic plots
between the number of boxes and the chosen spacing of the grid, as shown in Eq. (3-1)
𝐹𝐷 =

log(𝑁(𝑠))
log(1/𝑠)

(3-1)

where N(s) is the number of boxes counted (i.e. those that contain white pixels), when
spacing s (i.e. size of box) is used.

Figure 3-2. An example of analysis of single ROI, First the edge of the acinar structure
is detected, followed by box counting method for fractal dimension. In which a series of
girds of boxes progressively (from big to small) placed over the ROI and the number of
boxes which has the acinar structure (i.e. white pixels) are counted. The FD value is
measured by linear regression of natural logarithmic plot of box-count against scale.
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3.6

Lacunarity

Lacunarity, L, is often used as a measure of how fractals (i.e. acinar fluid) fill space (i.e.
prostatic tissue) with certain gaps (i.e. ‘solid’ tissue phase). The higher the lacunarity, the
more or larger gaps a pattern presents (i.e. more tissue phase which are black pixels in
binary image) which indicate a higher degree of heterogeneity (with respect to the
distribution of acinar fluid) in tissue texture. In this study, L is used as one of the indices,
which gives a quantitative measure of the heterogeneity of how the acinar structure is
spatially distributed. It is obtained by means of box counting method, similarly to the
method used for measuring the FD as mentioned above, and estimated based on the
probability of the localization of the white pixels calculated from the number of white
pixels per box as a function of box size, as shown in Eq. (3-2).
𝜎𝑠
𝐿𝑠 = ( )2
𝜇𝑠

(3-2)

where 𝜎 is the standard deviation and 𝜇 the mean of the number of pixels in white (i.e.
those representing acinus fluid in binary images) in each counting box of size s . Similarly
to Eq. (3-1), natural logarithmic plot of the number of boxes against scale and the gradient
L was estimated using linear regression. It is important to note that, whilst FD represents
how the curvature of a pattern changes over the varying scale as discussed above,
lacunarity describes how the pattern is spatially distributed, thus providing additional
information in quantifying the histological images (which may have same FD but
different values of lacunarity due to different distributions of inclusions).
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3.7

Influence Area fraction and size of acinus

Fig. 3-3 shows the variations in area fraction of acinar fluid (A) in healthy, BPH and
cancerous samples of three different ROI sizes. For all ROI sizes used, the cancerous
tissue is shown to have the least amount of acinar fluid, e.g. when ROI size of 0.54mm is
used, with a median value of 3.2 %, followed by the benign samples (median value of
20.8%), and the BPH with the highest median value of 30.4%, although the BPH samples
present a higher statistical variation, which is in line with what can be observed from the
histological slide in Fig. 3-1. It is noted that the 25th and 75th percentile of the results in
the cancerous tissue are significantly smaller than that of the non-cancerous tissues (i.e.
BPH and healthy), however, their statistical distributions have certain overlap. This would
mean that the area fraction of acinus in prostate may not be an effective microstructural
index to distinguish the tissue pathological conditions for diagnostic purpose.
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Figure 3-3. Range of acini area fraction in healthy, cancer and BPH tissues for different
RVEs. Upper and lower whiskers represent 25th and 75th percentile and the horizontal line
shows median.
Fig. 3-4a shows the size of acini for all ROIs considered. The mean acinar size varies
among three tissue categories, lowest in cancerous tissue, followed by the healthy
samples, and highest in BPH. It also varies with respect to the size of ROI , similar to the
area fraction of acinus shown above, and a larger ROI size would result in a higher mean
value of acinar size. This is due to the fact that, with larger ROI size being used, the acinar
structures become less likely to be divided at the boundaries of the ROIs (i.e. included in
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more than one ROI), which is of particular relevance to BPH samples as the acinar size
there is often much larger than in other two sample types. Fig. 3-4b shows the maximum
acini size from all the samples and comparing them to the whole image, it is clear that for
cancerous samples the the largest ROI covered the largest acini. However, for the healthy
and BPH samples the convergence have not achieved in terms of covering the biggest
acini.

Figure 3-4. Average acini size for healthy, cancer and BPH in different ROIs (a).
Standard deviation increase with increase of ROI size due to decrease of samples. The
maximum acini size showed in (b) includes the largest acini in the whole image.

Change in acini size can be a useful parameter to distinguish between these three tissue
conditions. In BPH the acini size increases due to enlargement of prostate glands, whilst
the acinus becomes smaller in cancer due to irregular cell proliferation and penetration.
It should be noted that the average acinar size, in comparison to acinar area fraction shown
above, provides critical information about how ‘dispersed’ the acinar structures are. This
finding is in fact in line with what has been reported where changes in acinar size have
been shown to be correlated with the Gleason grade - the higher the Gleason grade the
lower the average acini size[16].
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3.8

Fractal Dimension Analysis

Fig. 3-5 shows the statistical distribution (in the form of histograms) of FD for all ROIs
and sample groups considered. Interestingly, there are notable differences between the
distributions of the relative frequency of FD presented for all ROIs assessed. For example
when ROI size of 0.54 mm is used, as shown in Fig. 3-5(a), the mean value and standard
deviation for FD is 0.93±0.30 for cancerous samples (in red) and 1.31±0.29 for healthy
section and 1.04±0.21 for BPH section. Such trends also present in other cases using
different ROI sizes. It is also crucial to note that, as FD represents the structural
complexity at the pattern boundary, lower FD values in cancerous samples would indicate
less ductal branches in acini, in comparison to healthy group which has the highest
amount of branching of the acini and BPH which consists of mostly ‘round’ acini
structure. This could be due to rapid proliferation of cells around acini which could make
the acini smaller or cause the closure of acini ducts[16].
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Figure 3-5. Statistical Fractal dimension analysis based on relative frequency and box
chart for healthy, cancer and BPH tissues in three different ROIs. a) 0.54 mm b) 1.07 mm
c) 2.14mm. Whiskers show the standard deviation and the box is boundaries are 25-75
percentile.
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3.9

Lacunarity analysis

Fig. 3-6 illustrates the histogram of lacunarity, L, of healthy, BPH and cancerous samples
for three ROI sizes considered, respectively. As mentioned above, it represents the
heterogeneity of the tissue morphology (i.e. how the acinar structures are spatially
distributed within the tissue ‘solid’ phase). It can be seen that the BPH samples present
the lowest value of lacunarity, which could be due to the fact that acinar structure therein
are large and the area fraction of acini to the tissue is high. In contrast, lacunarity of
cancerous samples is the highest which shows the highly dispersed acinar phase therein.
Healthy samples have overall intermediate value of lacunarity. With the increasing ROI
size, lacunarity increase in all samples, which shows lacunarity can change due to ROI
size especially in healthy and BPH samples. Therefore larger ROIs are better to be
considered for healthy and BPH.
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Figure 3-6. Statistical Lacunarity analysis based on relative frequency and box chart for
healthy, cancer and BPH tissues in three different ROIs. a) 0.54 mm b) 1.07 mm c)
2.14mm. Whiskers show the standard deviation and the box is boundaries are 25-75
percentile.
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3.10 Concluding remarks
This chapter aimed to establish microstructural indices based on the histological image
and perform evaluations from a different perspectives i.e. microstructural and
morphological variation of acini. It has been shown that the microstructure and texture of
healthy tissue vary between healthy, BPH and cancerous tissues. In this chapter following
conclusions were drawn:


The average acini size and the acini ratio fraction: cancer presents the lowest acini
fraction, which shows that the acini size reduces from healthy condition due to
existence of cancer. BPH has the largest acini size also the highest acini fraction.
There is also a certain degree of increase in acini size due to the presence of BPH.



Fractal dimension could be a useful index for categorizing different tissue
pathophysiology, which could be correlated to Gleason grade. Healthy tissue
presents higher fractal dimension. Fractal dimension shows the branching feature
in healthy tissue, however in other tissue conditions this value reduces.



Lacunarity shows potential to be consider as a complementary index for the
purpose of interpretation of tissue heterogeneity.

The methodology presented here, at its current stage, has some limitations; the number of
histology and patients in this study is limited due to complexity of prostatectomy
procedure for obtaining the complete histological image from patient; increase of such
data would provide a better database and improved statistical analysis. Although biopsy
is an ideal approach for diagnosing prostate cancer, it is invasive. It is therefore important
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to find a way to combine it with other non-invasive methods and use the current biopsies
database for correlating tissue morphology to mechanical response which can be use in
other non-invasive diagnostic methods (i.e. digital rectal examination (DRE) and
elastography). This can be achieved, partly, by performing a structural homogenization
computationally which will be presented in the following chapter.
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4.1

Summary

In the previous chapter the importance of histological and morphological changes due to
various pathophysiological conditions has been described. It is of critical importance to
investigate the potential use of morphological changes in tissue microstructure in
diagnosis. However it is still unclear how the microstructural changes in tissue
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morphology quantitatively affect its apparent mechanical properties. This is of critical
relevance to some clinical diagnostic methods such as those using palpation as primary
diagnosis, and it is also necessary to explore the length scale at which the apparent
mechanical properties should be measured.
In this chapter, a study on the effects of morphological changes in cancer, healthy and
BPH samples on their apparent mechanical properties is carried out. The apparent
mechanical properties of tissue samples is derived using numerical homogenization
method based on the tissue microstructures reconstructed from histological images.
Results will be compared to the microstructural indices presented in the previous chapter,
with the aim of finding possible correlations between tissue morphological and
mechanical properties. It is hoped that the combination of microstructural and mechanical
indices can give more useful information for improved diagnostic capability.
4.2

Modelling of histological images

As mentioned in Chapter 3, prostatic tissue sample was excised during total
prostatectomy using the laparoscopic approach. The pathological analysis showed the
patient is diagnosed with acinar adenocarcinoma with a Gleason 4+3 grade albeit a lower
PSA level of 9.1𝑛𝑔/𝑚𝑙. The image of the histological slide is segmented based on three
main tissue conditions, i.e. healthy, cancerous, BPH tissues. To understand the sensitivity
of ROI sizes with mechanical properties, three ROIs sizes, namely 0.54 mm (40 × 40
pixels), 1.07 mm (80 × 80 pixels) and, 2.14 mm (160 × 160 pixels), as described in Table
3-1, are used. The computational models were based on the segmented ROIs, which were
firstly converted into grayscale using a range of 0-142 (where 0 is black and 255 is white)
to identify regions containing acinar fluid in tissue histology and 143-255 for ‘solid’ tissue
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phase, in Scan-IP (Simpleware Ltd., Exeter, UK), and is imported in ABAQUS (Dassault
Systemes, VlizyVillacoublay, France) for further numerical analysis.
4.3

Homogenization formulation

In this study, periodic boundary condition (PBC) is used for numerical homogenization
to obtain effective properties of model microstructures. PBC, which can produce more
realistic results than other methods[140] and is commonly used for homogenization such
as kinematically uniform boundary condition (KUBC) and statically uniform boundary
condition (SUBC), is a robust method that requires the periodicity for, e.g., displacement,
at corresponding boundaries[140]. Therefore, to impose PBC in a rectangular ROI, it is
usually achieved by linking the FE nodes at corresponding positions at the ROI
boundaries and making them have the same displacement. However, this would require
the ROI to have a symmetrical mesh, which is not always possible to have particularly
for those reconstructed from histological slide with complex microstructures and
geometries. In a recent study, Palacio-Torralba et.al.[166] suggested a novel numerical
implementation of the PBC method using a non-symmetrical mesh by adding virtual
periodic ‘nodes’ at the ROI boundaries. The variables of those nodes, different from the
nodes used in FE model, are calculated using interpolation function from the adjacent FE
nodes. The constraints that impose the periodic (e.g. on nodal displacement) at the
boundary FE nodes are instead applied on those virtual interpolation points. By doing so,
the periodic mesh at the ROI boundary is no longer required, which is of importance use
to the histological images explored here.
Fig. 4-2 illustrates how this method is implemented in Finite Element, where Fig. 4-2(a)
is the periodic meshing (i.e. each node on one boundary has a matching node at the
corresponding boundary) used in the traditional PBC approach and Fig. 4-2(b) shows the
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new scheme with virtual interpolation points in addition to an arbitrary mesh. The
periodicity is ensured between interpolation points, or between a node and an
interpolation point, and the following equations should be satisfied (e.g. between the FE
node c and an interpolation points d),

𝑈𝑎𝑥 = 𝑈𝑏𝑥

(4-1)

𝑈𝑎𝑦 = 𝑈𝑏𝑦

(4-2)

𝑈𝑐𝑥 = 𝑈𝑑𝑥

(4-3)

and
𝑈𝑐𝑦 = 𝑈𝑑𝑦

(4-4)

The displacements (i.e. x and y components) of the FE node c, equivalent to the
corresponding interpolation point d, can be expressed by linear interpolation between two
adjacent FE nodes as follows
𝑈𝑐𝑥

(𝑈𝑑𝑥 𝑢𝑝 − 𝑈𝑑𝑥 𝑑𝑜𝑤𝑛 ) 𝑙
=
⋅ + 𝑈𝑑𝑥 𝑑𝑜𝑤𝑛
𝑙
2

(4-5)

and similarly for the y axis,

𝑈𝑐𝑦

(𝑈𝑑𝑦𝑢𝑝 − 𝑈𝑑𝑦𝑑𝑜𝑤𝑛 ) 𝑙
=
⋅ + 𝑈𝑑𝑦𝑑𝑜𝑤𝑛
𝑙
2

(4-6)

However, In case the control points are not coincident with the Finite Element nodes,
therefore the displacements at both controls points need to be expressed as a function of
FE nodes, e.g. in the case of points f and g, as
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𝑓

𝑔

(𝑈𝑓𝑥𝑙𝑒𝑓𝑡 − 𝑈𝑥𝑟𝑖𝑔ℎ𝑡 ) 𝑙
(𝑈𝑔𝑥 𝑙𝑒𝑓𝑡 − 𝑈𝑥 𝑟𝑖𝑔ℎ𝑡 ) 𝑙
𝑓𝑟𝑖𝑔ℎ𝑡
𝑔
⋅ + 𝑈𝑥
=
⋅ + 𝑈𝑥 𝑟𝑖𝑔ℎ𝑡
𝑙
2
𝑙
2

(4-7)

and
𝑓

𝑔

(𝑈𝑓𝑦𝑙𝑒𝑓𝑡 − 𝑈𝑦𝑟𝑖𝑔ℎ𝑡 ) 𝑙
(𝑈𝑔𝑦 𝑙𝑒𝑓𝑡 − 𝑈𝑦 𝑟𝑖𝑔ℎ𝑡 ) 𝑙
𝑓𝑟𝑖𝑔ℎ𝑡
𝑔
⋅ + 𝑈𝑦
=
⋅ + 𝑈𝑦 𝑟𝑖𝑔ℎ𝑡 + 𝜖0
𝑙
2
𝑙
2

(4-8)

where 𝜖0 is the global displacement applied along the y axis.

Figure 4-2. (a) Example of a periodic mesh where nodes in all the faces have a matching
node at the opposite faces (e.g. node ‘a’ has a match node ‘b’). (b) shows an arbitrary
mesh where some nodes do not have a matching node on the opposite face(for instance
c)[166].
The homogenized stiffness matrix is derived from three trial tests, namely two uni-axial
tensile tests in x and y axis, and a shear test. In the small strain scenario a 10% strain was
considered. In each test the average strain (𝜖𝑥𝑥 , 𝜖𝑦𝑦 , 𝜖𝑥𝑦 ) and stress (𝜎𝑥𝑥 , 𝜎𝑦𝑦 , 𝜎𝑥𝑦 ) were

58

calculated over the ROI. Thus to obtain the 9 components of the stiffness tensor shown
below, a set of linear equations needs to be solved so that following equations are satisfied

〈𝜎〉 = 𝐶𝑖𝑗𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 〈𝜖〉

(4-9)

𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒
𝑤ℎ𝑒𝑟𝑒 〈𝜎〉 is the average stress and 〈𝜖〉 the average strain in the ROI. 𝐶𝑖𝑗
is the

apparent stiffness tensor of the ROI. For the sake of simplicity, small strains are
considered in the modelling. In this study the stromal tissue (i.e. solid phase) is modelled
with the elastic modulus of 17kPa and a Poisson’s ratio of 0.3 and the mechanical
properties of fluid phase is considered as water i.e. nearly incompressible solid with a
bulk modulus of 2 GPa[167].
4.4

Effects of ROI size in apparent mechanical properties of prostate tissue

The aim of this section is to analyse the mechanical properties of each tissue type and to
investigate the influence of ROI size in mechanical properties of healthy, cancerous and
BPH samples. Fig. 4-3 shows the components of apparent elastic stiffness tensor for all
three sample groups. It should be noted that the average stiffness values of cancerous
tissue are higher than healthy samples, which have similar elastic properties to BPH ones.
This finding is in line with the published data in experimental studies[12], [106], [166].
Cancerous tissue has higher elastic properties which could be due to the reduction of acini
size thus increased fraction of solid tissue phase, due to fast proliferation of cells therein.
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Figure 4-3. Average mechanical properties and their respective standard error for the
healthy, BPH and cancerous ROI. Three different ROI size a) 0.54 mm b) 1.07 mm c)
2.14 mm have been used.
4.5

Anisotropy

Wilcoxon signed rank test was performed to analyse the statistical comparison of average
of C11 and C22 component of effective stiffness tensor. The result of this test provides
the anisotropy assessment of three tissue type’s i.e. BPH, healthy and cancerous as
illustrated in Table. 4-2. The value h = 1 indicates that the test rejects the null hypothesis
that there is no difference between the grade medians at the 5% significance level (i.e. pvalue > 0.05). Results show that BPH tissue show anisotropy for three ROI sizes, such
behaviour could be due the fact that the acini structure in BPH tissue become large and
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the size and distribution of them are not uniform. Healthy samples, however, have shown
isotropy for all ROI sizes i.e. H-value is 0, which indicate that C11 and C22 for healthy
samples the distribution is not significantly different. Cancerous samples have shown
anisotropy for the smallest ROI (i.e. 0.54 mm) and isotropy for ROI = 1.07 mm and ROI
= 2.14 mm. This shows that the degree of isotropy increases by increasing the length scale
of the tissue in cancerous samples.
Table 4-2. Statistical comparison of C11 and C22 component of effective stiffness tensor
for BPH, healthy and cancerous samples by performing Wilcoxon signed rank test. Three
different ROI size a) 0.54 mm b) 1.07 mm c) 2.14 mm have been used. H = 1 indicates
the rejection of the null hypothesis (i.e. anisotropic) and H = 0 indicates the failure to
rejection of the null hypothesis (i.e. isotropic)
Size of

0.54 mm (40 × 40

1.07 mm (80 × 80

2.14 mm (160 × 160

ROI

pixels)

pixels)

pixels)

HH-value

P-value

P-value

H-value

P-value

value
BPH

1

0.0116

1

2.7246e-05

1

0.0042

Healthy

0

0.7387

0

0.7246

0

0.5999

Cancer

1

0.0012

0

0.1088

0

0.3104

Fig. 4-4 illustrates the degree of anisotropy of BPH samples when three ROI sizes are
used. Results show that BPH tissue has high degree of anisotropy since most samples
present significant deviations from the anisotropy ‘line’. Fig 4-4 (a) shows that a high
number of ROIs have stiffness values close to 0, which indicates that, when the smallest
ROI size is used, the majority of acinar areas are larger than 0.54mm, making those ROI
mostly consist of ‘water’. This would imply that using a very small value as the size of
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ROI may not be appropriate for characterising the apparent mechanical properties of BPH
samples, as the size is lower than the characteristic length scale (i.e. the size of the acinar
structures) therein.

Figure 4-4. Comparison of anisotropy of C11 and C22 component of effective stiffness
tensor for BPH samples. Three different ROI size a) 0.54 mm b) 1.07 mm c) 2.14 mm
have been used.
Fig. 4-5 shows similar results, but for cancerous samples. Results indicate that the
cancerous tissue has lower degree of anisotropy than BPH tissue, since the majority of
data are positioned on the diagonal line. This could be related to lower amount of acini in
cancerous tissue, during the cancer, acini become smaller due to the fast proliferation of
cells[168]. Concentration of data in higher range of C11 and C22, again, emphasize the
higher stiffness in cancerous tissue which could be related to the average acini size and
also the area fraction of acini to tissue from previous chapter.
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Figure 4-5. Comparison of anisotropy of C11 and C22 component of effective stiffness
tensor for cancerous samples. Three different ROI size a) 0.54 mm b) 1.07 mm c) 2.14
mm have been used.
Fig. 4-6 shows the anisotropy assessment for healthy tissue in three ROI sizes. Results
show that the degree of anisotropy in healthy tissue is less than BPH most of the samples
have the same value in both axis (i.e.C11 and C22). The distribution of the samples shows
that the healthy samples on the average have higher stiffness than BPH and lower than
cancerous tissue. That would highlight that in healthy tissue the features of microstructure
has scattered more uniformly and then due to different pathology (e.g. cancerous or BPH)
the structure changes which has influence on increase (e.g. cancer) or decrease (e.g. BPH)
of stiffness.

Figure 4-6. Comparison of anisotropy of C11 and C22 component of effective stiffness
tensor for healthy samples. Three different ROI size a) 0.54 mm b) 1.07 mm c) 2.14 mm
have been used.
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These results suggest that with a sufficiently large database it would be possible to
construct benchmark histograms for different types of pathologies at lower scales, against
which clinical measurements could be employed to determine the presence of certain
diseases.
4.6

Concluding remarks

The objective of this chapter was to analyse how changes in prostate tissue microstructure
subject to various pathophysiological conditions influence the apparent tissue elasticity,
and to assess the degree of anisotropy of aforementioned pathologies as well as their
influences by the chosen ROI size and correlate them with the results of chapter 3.
In this chapter, apparent mechanical properties of prostate tissue which has three
categories, namely healthy, BPH and cancerous tissues, have been analysed using
numerical homogenization method with periodic boundary conditions. It has been shown
that cancerous samples on average present highest elastic modulus among all three tissue
types. This could be related to the smallest acini size in cancerous tissue (see Fig. 3-3 for
details), due to cancerous and rapid proliferation of cells leading to smaller acinar
structures and higher content of solid tissue phase. On the contrary, for BPH samples, the
acinar structures become larger, therefore, BPH on average has lowest apparent
mechanical properties, whilst healthy samples present elastic properties in between. On
the other hand, anisotropy of all tissue samples have been performed. BPH samples,
again, showed a higher degree of anisotropy among three tissue types. Healthy and
cancerous have shown, on average, statistically isotropic (Table 4-2). The chosen size of
ROI in those analysis has been proved to be critical - this is notable particularly in BPH
samples when the smallest ROI size is used, since a large number of ROI present
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extremely low elastic properties, indicating high fractions of ‘water’ phase in those ROIs.
It is worth mentioning that the anisotropy also varies with respect to the length scale
chosen (i.e. the size of ROI). Results from lower scale can provide more information
about stiffness of tissue at a local length scale, and from higher scale it can provide useful
information that relate certain mechanical properties to its pathology for diagnosis
purpose.
It is worth mentioning that based on the results of the chapter 3, cancerous and BPH
tissues have smallest and highest acini area fraction respectively, the influence of this
results could be observed in higher and lower stiffness of cancerous and BPH samples
respectively.
Only the data from one histology image has been analysed in this study. It is expected to
increase such database which would improve the quality of this study and provide better
understanding of the changes in mechanical properties due to various pathologies at
different stages of cancer development. In this chapter fluid was modelled as a solid
material as one of the two phases modelled. In the next chapter biphasic model for
homogenization using FSI will be employed to better understand the physical interaction
between the solid tissue phase and interstitial fluid.
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5.1 Summary
The influence of pathophysiological condition of tissue on its structure, as well as the
tissue anisotropy, have been discussed in previous chapters. As emphasized in chapter 4,
it is important to consider the biphasic nature of tissue for the homogenization purpose.
This chapter, as a step forward, presents a computational framework for characterizing
the viscoelasticity of soft tissue arising from the multiphasic and multiphysical
interactions associated with its underlying microstructure. The mechanical interaction
between the solid and fluid phases within the tissue microstructure is modelled by fluidstructure interaction (FSI) in a framework of numerical homogenization, subject to
various parameters such as strain rate, tissue morphology, the viscosity of the interstitial
fluid and tissue (solid) mechanical properties.
5.2 Simplified channel models – a parametric study
In order to understand the role of fluid-filled components on the dynamic mechanical
properties of soft tissue, a simple biphasic model will be adopted based on similar
structure as in real tissue histology Fig. 5-1, consisting of a nonlinear hyperelastic solid
and a liquid whose essential property is its viscosity. This type of physical model is
consistent with the viscoelastic approaches often used to fit experimental measurements
of soft tissue [169].
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Figure 5-1. Prostate tissue histology which gives inspiration for the simple biphasic
model
To better understand how the tissue microstructure, in particular the interaction between
the fluid-filled areas and the “solid” phase, affects the apparent tissue viscoelasticity, a
series of models were devised, all of size 560×560 µm, with systematically variable
geometry corresponding to the size of a typical acinar structure in prostate as an exemplar
tissue. The fluid channels are all of sinusoidal shape with various degrees of complexity,
having two ‘frequencies’ (Models 1 and 2) and three ‘amplitudes’ (a, b and c) as
illustrated in Fig. 5-2. The initial width of the channel (G, in Fig. 5-2) was fixed at 27 µm
which corresponds to the size of the canaliculi connecting the acinar structures in human
prostate. In order to characterize the viscoelastic behaviour of the models, a numerical
homogenization formulation was adopted here using prescribed loading and boundary
conditions.
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Figure 5-2. Schematic diagrams of two simplified yet representative tissue
microstructural models (i.e. (a) model 1 and (b) model 2) with parameterized channel
geometries (i.e. a, b and c are three ‘amplitudes’).

5.3 The theory of FSI
In FSI, fluid and solid mechanics are combined in order to simulate the interaction
between fluid flow and solid structure (i.e. how fluid flow deforms the solid structure,
and vice versa). The solid structure is often modelled in Lagrangian description and the
fluid flow in Eulerian formulation, and the FSI couplings are often formulated at the
boundaries between the fluid and the solid phases. However, when considering a fluid
flow interacting with a solid medium the fluid domain changes as a function of time, and
an arbitrary Lagrangian-Eulerian (ALE) description of motion is needed. The Lagrangian
equation of motion of the structure is
𝜕2 𝒖

𝜌 𝜕𝑡 2 = ∇. 𝜏 + 𝒇𝐵

(5-1)

where ρ is the density, u is the vector of structural displacements, t is the time, τ is the
Cauchy stress tensor, f B is the vector of body forces, and (∇.) represents the divergence
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operator (in the deformed configuration). The boundary conditions needed to solve Eq.
(5-1) are,
𝒖 = 𝒖𝑆 on Su
(5-2)

𝜏. 𝒏 = 𝒇𝑆 on Sf

Where Su and Sf represent the parts of the boundary with prescribed displacements, us,
and tractions, f S, respectively; and n is a unit outward normal vector to the boundary.
The equations of motion of a compressible Newtonian fluid flow in the ALE description
of motion are
𝜌

𝜕𝐯
+ 𝜌[( 𝐯 − 𝐯̂). ∇]𝐯 = ∇. 𝜏 + 𝒇𝐵
𝜕𝑡 2

(5-3)

𝜕𝜌
+ ( 𝐯 − 𝐯̂). ∇𝜌 + 𝜌∇. 𝐯 = 0
𝜕𝑡
𝜌

(5-4)

𝜕𝑒
+ 𝜌( 𝐯 − 𝐯̂). ∇𝑒 = 𝜏. 𝑫 − ∇. 𝐪 + 𝑞 𝐵
𝜕𝑡

(5-5)

where ρhere is the fluid density; v is the fluid velocity; 𝐯̂ is the velocity of the moving
ALE frame; τis the fluid stress tensor, f

B

is the vector of body forces; e is the specific

internal energy; D is the velocity strain (rate-of-strain) tensor, 2D = ∇v +(∇v)T ; q is the
heat flux vector; qB is the rate of heat generated per unit volume; (∇) represent the
divergence and gradient operators. Equation (5-3) is the momentum equation and (5-4)
and (5-5) are the equations of conservation of mass and energy respectively. The
boundary conditions required to solve Eqs. (5-3) to (5-5) are discussed in detail in [170].
At the interface between fluid flow and solid equilibrium and compatibility conditions
must be satisfied at the fluid-structure interface. These conditions are
𝜏 𝑆. 𝐧 = 𝜏𝐹. 𝐧

(5-6)
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𝐮𝐼 (𝑡) = 𝐮
̂ 𝐼 (𝑡)
𝐮̇ 𝐼 (𝑡) = 𝐯 𝐼 (𝑡) = 𝐯̂ 𝐼 (𝑡)

(5-7)

𝐮̈ 𝐼 (𝑡) = 𝐯̇ 𝐼 (𝑡) = 𝐯̂𝐼̇ (𝑡)

where n is a unit vector normal to the fluid-solid interface, u and 𝐮
̂ are the displacements
of the structure and the fluid domain (or mesh in a finite element analysis), respectively,
v is the fluid velocity and 𝐯̂ the velocity of the fluid domain, the dot represents a time

derivative, and the superscripts I, S and F denote the interface, and the solid and fluid
media, respectively. There are two different approaches that are often used in FSI, namely
direct or iterative approach. In the direct (monolithic) approach, the governing equations
of fluid flow and the solid structure are combined and treated all together, often solved
simultaneously by the same solver. In contrast, in the iterative (partitioned) approach, the
governing equations of fluid flow and the solid structure are solved individually in
succession, feeding information at the interfaces to each other. In this thesis the FSI
problem is solved in ADINA (ADINA R&D Inc., MA, USA), and the direct method has
been adopted and will be explained below.[171]
5.3.1 Direct Two-way FSI
In this method, the fluid and solid equations are combined and treated altogether. They
are often linearized in a matrix system and no iteration is needed for fluid and solid
models. The direct FSI two way coupling method, in general, is faster than the iterative
method. It has the advantage of solving very difficult FSI problem, such as large
deformations with 'soft structure/material' or highly compressible flow.[171]
5.3.2 Iterative Two-way Fluid solid interaction
In this computing method, the fluid equations and the solid equations are solved
individually until the solution reaches convergence. The fluid equations are solved using
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prescribed solid displacement until the stress criterion becomes satisfied, whereas the
fluid nodal displacement also follows the same procedure. Convergence needs to be
checked depending on the chosen criteria (i.e. displacement and stress). If convergence is
not achieved, the solver starts the next iteration until convergence.[171]
5.4 Numerical implementation
The mechanical interaction between the solid and fluid phases within the tissue
microstructure was modelled in ADINA (ADINA R&D Inc., MA ,USA) using fully
coupled two-way fluid-structure interaction, where the fluid and structural models are
mechanically coupled through displacement and traction conditions at the interface.
Numerical homogenization was used here to quantify how the tissue microstructure and
the movement of the fluid influence its apparent viscoelasticity. The solid phase was
modelled as a nonlinear hyperelastic material and the fluid as incompressible laminar
viscous fluid. All models were subjected to a stress relaxation test, consisting of
increasing the compressive displacement of the upper surface at one of three strain rates
to a fixed strain and following the decay in force with time thereafter. The same process
was applied to the simplified geometries and then to the two simplified histological
samples.
It is worth noting at the outset that, since this study aims at understanding the contribution
of tissue viscoelasticity arising from the interaction between fluid and solid phases within
the tissue microstructure, the use of macroscopically-determined mechanical properties
for the “solid” phase is only strictly accurate if it contains no significant glandular
material. Furthermore, viscoelasticity arising from the intrinsic properties of collagen
fibres and the extracellular matrix is not modelled, in order to better reveal the viscoelastic
behaviour that arises from the interaction between fluid-filled and solid phases. That said,
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a wide range of elastic moduli for soft tissue can be found in the literature, depending on
tissue type, pathophysiological condition and details of the measurement method, for
example 17.6-75.4 kPa for liver tissue [173] and 1-37 kPa for breast tissue [174], [175].
Even for a single tissue type, measured values of elastic modulus can vary considerably.
For example, the measurements of Krouskop et al. (1998) on “small” excised pieces of
prostate tissue, yielded values for apparent elastic modulus of 40-85kPa for normal tissue,
30-55kPa for tissue affected by BPH and 75-270kPa for tissue affected by cancer. These
values were measured using sinusoidal indentation at 0.1, 1 and 4Hz using pre-strains of
2% and 4% and the fact that Krouskop et al. reported no phase difference would indicate
that the relevant time constants, if any, were above 10 seconds.
Here, the solid phase is modelled using the neo-Hookean strain energy function:
𝑊𝐷 = 𝐶1 (𝐼1 − 3) + 𝐷1 (exp(𝐷2 (𝐼1 − 3)) − 1)

(5-8)

where 𝐶1 , 𝐷1 and 𝐷2 are material constants, and 𝐼1 is the first invariant of the right CauchyGreen deformation tensor. To derive the material constants in Eq. (5-6), the neo-Hookean
model is fitted against the target elastic properties in the strain range of 0-10% (which is
sufficient for the strain expected in this study), using the Levenberg-Marquardt algorithm
for nonlinear least square approximation. For more details of the algorithm, the readers
should refer to [176]. So, following Krouskop et al.[106], the model can be devised using
a value for E from 10-100kPa with a median “benchmark” of 50kPa (i.e. 𝐶1 =
0.0075, 𝐷1 = 5𝑒 −16 and 𝐷2 = 50 ), and a Poisson's ratio of 0.49 [177]. The fluid is
modelled as a slightly-compressible laminar viscous fluid [178]. The viscosity of
interstitial fluid has been reported to vary with pathological condition, in the range of 1.573

5 cP in rat mammary tumours [179] and 3.5 cP in a human interosseous membrane [178].
Therefore, in this study, the range of 1.5-5 cP was chosen for viscosity of the fluid phase,
with 3.5 cP used as a benchmark value.
5.5 Formulation of numerical homogenization
All models (including those with simplified geometry and reconstructed from the
histological image) were meshed in ADINA using 9-node, 2D, quadrilateral elements for
the solid phase and 4-node, 2D, triangular elements for the fluid phase. As mentioned
above, stress relaxation was used here to characterize the viscoelastic behaviour of the
model microstructures, where a uniaxial strain was applied at strain rates ranging from
0.03 to 0.15 s-1 and then held constant for 5s. The temporal variation of the reaction force
at the boundary where the strain was applied was recorded over time from the initial
application of the strain until the end of the 5-second dwell period.
To implement the numerical homogenization for the sample histological structures, in
addition to the prescribed loading condition (i.e. stress relaxation test as mentioned
above), a set of prescribed boundary conditions were required. Without loss of generality
confined boundary conditions, often used in numerical homogenization scheme for tissue
mechanics, were used here [114], [180], as illustrated in Fig. 5-2. For the solid phase, the
displacements were constrained along the normal direction for each boundary. For the
fluid domain, open boundary conditions were used at the outlets allowing both inflow and
outflow, depending on the pressure profile in the channel during relaxation. This
effectively mimics fluid exchange with the surrounding tissue.
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5.6 Characterization of viscoelasticity
A Prony series was used to fit to the reaction force relaxation profile, Eq 2.15 can be
written as[181],
𝑛

𝐹(𝑡) = 𝐸 (1 − ∑ 𝑃𝑖 (1 − 𝑒

−

𝑡
𝜏𝑖 ))

(5-9)

𝑖=1

where F denotes the normalized reaction force (i.e. force feedback divided by the peak
force), E the instantaneous stiffness, Pi the stiffness of Maxwell elements and 𝜏𝑖 the time
constants. For simplicity, a two term Prony series (i.e. n= 2) was used so that P1 and P2
are, in effect, weighting factors for the two time constants. It is important to note that
these time constants have a considerable influence on the effectiveness of fitting at the
instantaneous and long-term extremes of the relaxation curve. It is also worth highlighting
here that, although the duration of load application varies with the strain rate, the same
relaxation period (i.e. time that material is held under the certain displacement) of 5s was
considered in all tests. It should be noted that 5s is chosen based on the consideration of
patient comfort during digital rectal examination[182].
5.7 Parametric study using simplified channel models
This section considers the effect of strain rate and structure on the relaxation response of
the parameterized models illustrated in Fig. 5-2. As an example, the time evolution of
reaction force in Model 1a is shown in Fig. 5-3 for each of the strain rates using the
benchmark values of fluid viscosity and modulus of the solid phase. Figure 4a shows the
force response including the application of the prescribed strain of 3%, during which the
fluid channel is compressed leading to increased pressure therein, which in turn increases
the reaction force. It can be seen that using a higher strain rate leads to a higher peak force
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at 3% strain, due to the more rapid increase of pressure in the channel. This is akin to the
viscous term in viscoelastic material models where the viscous stiffness is given by 𝐹𝑣 =
𝜂𝛿̇ , where η is the viscous damping coefficient (N·s·mm-1) and 𝛿̇ is the displacement rate.
For the purposes of obtaining a single force response parameter, the 5s period of stress
relaxation was represented with respect to the peak force, giving the normalized decay
curves shown in Fig. 5-3(b). Two-term Prony series were then used to fit the normalized
relaxation curves, which was generally achieved with an R2 value of better than 0.99.
Although a single-term Prony series generally will bias fitting of exponential-shape
curves towards either instantaneous or long term behaviour, this was accepted here in the
interests of clarity of interpretation. For all the fits here P2 was significantly greater than
P1 (the weighting factor on instantaneous behaviour), highlighting the importance of 𝜏2 ,
the time constant for long-term behaviour (in the 5-second range). Thus 𝜏2 will be used
alongside the peak force, Fp, as the key indices of force response in the parametric
comparison in the following sections.

Figure 5-3. Evolutions of reaction force for different strain rates. Model 1a is used here
as an example. (a) Three strain rates are used, leading to different loading and stress
relaxation profiles. (b) Normalized stress relaxation curves, which are then fitted with
two-term Prony series.
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5.8 Microstructure
This section examines the influence of the channel geometry (as classified in Fig. 5-2) on
the resulting apparent viscoelastic behaviour. Fig. 5-4 shows the effect of strain rate and
geometry on peak reaction force Fp and (long) time constant 𝜏2 using the benchmark
values assigned to the fluid viscosity and elastic modulus of the solid phase. As can be
seen, the peak force generally increases and the apparent time constant generally becomes
smaller (i.e. faster stress relaxation) when the strain rate increases. The peak reaction
force (Fig. 5-4(a)), is significantly greater in Model 2 than Model 1. More interestingly,
the effect of a change in the amplitude parameter on peak reaction force is different for
the two models; in Model 2, the peak force increases significantly for low strain rates,
less so at higher strain rates, whereas in Model 1 the peak force increases only slightly
with amplitude at low strain rates and decreases with amplitude at higher strain rates. Part
of the explanation for this can be seen from the pressure profile in the fluid channel at the
time of peak force, as illustrated in Fig. 5-5. At smaller values of H, as in Figs. 5-5(a-b),
the relatively flat channel leads to a monotonic gradient in pressure from the centre of the
track of the channel to either side. In contrast, at larger values of amplitude, as in Figs. 55(d-e), a localized low pressure region appears, associated with the change in the channel
curvature. The effect of the internal channel pressure on the Y-component of the reaction
force (Fy) across the top of the model is shown in Figs. 5-5(c) and (f), for Models 1 and
2 at the extremes of low amplitude and low strain rate, and high amplitude and high strain
rate, respectively. It is clear that the effects of amplitude and strain rate are less
pronounced at the low pressure areas where the curvature of the channel is changing.
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Figure 5-4. Effect of geometry and strain application rate on (a) maximum reaction force
and (b) (long) time constant.

In summary, for values of fluid viscosity and tissue modulus typical of prostate, longer
channel length and greater channel tortuosity will lead to higher resistance in fluid
movement within the channel, hence slower relaxation. This highlights the significant
potential of tissue viscoelasticity to serve as a diagnostic index of histological structure;
even using relatively simple parameters such as the peak reaction force and the apparent
time constant in a press-hold test the interactions between the solid and fluid phases
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give rise to distinctive profiles of reaction force.

Figure 5-5. Relationship between pressure distribution and reaction force. Pressure
distribution in fluid channel, for Model 1a, with (a) high 0.15 s-1 and (b) low 0.03s-1
strain rates, and for Model 1b with (d) high and (e) low strain rates, respectively.
Comparison of Y-component of forces exerted by the fluid pressure onto the solid phase
with low and high strain rates for Model 1 (c) and Model 2 (f), respectively.
5.9 Effect of component properties
Having established the influence of channel geometry for benchmark properties, this
section is concerned with the effects of the properties fluid viscosity and elastic modulus,
over the ranges identified in Section 5.6. The values of viscosity used were 1.5, 3.5 and
79

5cP and, for modulus, 10, 50 and 100kPa, the numbers in bold being the “benchmarks”
used in Section 5.4. To reduce the number of geometric variables, only the middle channel
amplitude is used here, i.e. Models 1b and 2b. Fig. 5-6 shows the effect of viscosity on
peak force and (long) time constant. As already seen in Fig. 5-4, increasing the strain rate
results in a higher peak force and a lower time constant, and Model 2 gives higher reaction
forces and longer time constants for a given viscosity and strain rate. As might be
expected, the viscosity of the fluid has a significant effect on the apparent viscoelastic
behaviour, a higher viscosity both increasing the peak force (Fig. 5-6(a)) and the time
constant (i.e. slower relaxation) (Fig. 5-6(b)). Although applied to the viscosity of the
interstitial fluid (rather than to luminal fluid here), this is consistent with the findings of
Parker [68].

Figure 5-6. Effect of fluid viscosity (ν) on evolution of maximum reaction force (a) and
time constant (b) with strain rate.

Fig. 5-7 shows the effect of elastic modulus on peak force and time constant, again for
Models 1b and 2b over the range of strain rate used previously and using the benchmark
viscosity. Again, increasing the strain rate results in a higher peak force and a lower time
constant, and Model 2 gives higher reaction forces and longer time constants for a given
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modulus and strain rate. However, the strain rate dependence of peak force is less the
lower the modulus and changes of modulus have a much stronger effect on peak force
and a much weaker effect on relaxation time than do changes in viscosity. During the
loading stage of the stress relaxation test, a softer solid phase is less capable of effectively
‘discharging’ the fluid from the channel, leading to a lower apparent peak force (Fig. 57(a)) and a slower relaxation (i.e. higher time constant) afterwards (Fig. 5-7(b)).

Figure 5-7. Effect of solid phase modulus (E) on evolution of maximum reaction force
(a) and time constant (b) with strain rate.

Overall, these results indicate that using the elastic or viscous behaviour alone may not
be sufficient to gain a deep understanding of the underlying microstructure. This would
be of critical significance in clinical practice where such knowledge would lead to more
accurate diagnosis. It can be seen that using both elastic and viscous indices would result
in an enhanced description of tissue quality.
5.10 Concluding remarks
This study sets out to provide a framework for quantifying the contribution of fluid-solid
interaction within the tissue microstructure to its apparent viscoelasticity. Such
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contribution would be additional to what has been traditionally believed to be the source
of viscoelasticity (the intrinsic viscoelasticity of the tissue solid phases such as collagen
fibres and proteoglycans), and could be used to take into account the heterogeneous and
multiphasic nature of tissue when attempting to characterise the effective properties of
tissue microstructure. Such an approach could aid diagnosis of conditions where the fluidcontaining structures are known to be significantly affected in size, morphology and
distribution. The proposed computational framework quantified the influence of various
shape and morphology of the fluid-containing elements, fluid viscosity and modulus of
the “solid” phase. As an example of a disease condition, two ROIs were extracted from a
histological section affected by prostate cancer. Illustrative results based on the
parameterized channel models showed that more complex fluid channels would lead to
higher peak reaction forces and slower relaxation. Curvature of the fluid channel, at the
microstructural scale, could significantly affect the pressure distribution of the fluid and
consequently the apparent viscoelastic behaviour of tissue. The viscosity of the fluid and
the modulus of the solid phase, were also shown to be critical in affecting the apparent
viscoelasticity of tissue, their effects are as one would expect from “spring” and “dashpot”
elements of an analytical viscoelastic model. Representative microstructural models
reconstructed from a histological section of example regions of benign and malignant
prostatic tissue were used to demonstrate the feasibility of the proposed method when a
more complex geometry of tissue microstructure is present. Results illustrated that the
variations in tissue morphology associated with prostate cancer lead to significant
changes in tissue viscoelasticity. The proposed method captures the multiphasic and
multiphysical nature of tissue microstructure and can therefore, in principle, be used for
various types of tissue such as prostate, breast and liver. This would allow a more
quantitative understanding of how changes in tissue morphology in disease lead to
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variations in tissue viscoelasticity. Such understanding could be used in conjunction with,
for example, novel palpation-based diagnostic devices [32], [56] and more established
techniques, such as elastography [35] and multi-parametric MRI [183] for enhanced
clinical diagnosis.
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Summary
The mechanical properties of soft tissues are known to evolve subject to various factors,
such as mechanobiological response to mechanical stimuli, ageing process, and
progression of the disease. Various pathological conditions have shown to influence
tissue microstructure which subsequently influences its functionality. Taking prostate
tissue as an example, branching duct–acinar glandular tissue with regular microstructures
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can be found in healthy prostate, whilst in prostate cancer, such structures often consist
of tightly packed cells and irregular stromal tissue in unrecognisable patterns. The drastic
changes in tissue microstructure could result in disruption of the fluid movement in the
glandular structures, leading to certain changes in the mechanical properties of tissue,
particularly viscoelasticity. The previous study has shown that the apparent diffusion
coefficient in prostate decreased in cancerous tissue due to the reduction in diffusivity of
fluid as a result of tissue morphological changes[184]. Similarly, it has also been reported
that the relaxation time and elasticity, in liver tissue, increase due to a reduction in the
size of fluid channel which, again, leads to the restriction of fluid flow[68]. These findings
have suggested a close relationship between fluid movement in the tissue microstructure
and its mechanical behaviour (e.g. time dependent one such as viscoelasticity). This needs
to be quantified in order to gain a better understanding of the mechanics of tissue.
This chapter presents a computational framework for quantitatively assessing the
contribution of fluid movement to the viscoelastic behaviour of tissue due to
morphological changes, using prostate as an

exemplar tissue. Viscoelastic

characterization is performed by incorporating the fluid-structure interaction in the
framework of numerical homogenization, on representative acinar structures of prostate
tissue for both non-cancerous and cancerous tissues subject to stress- relaxation test. Not
only would this work quantify the contribution of fluid movement to the tissue
viscoelasticity, it would also examine such relationship in cancerous tissue for the
purpose of tissue quality assessment and diagnosis.
Histology and image processing
Prostate tissue is chosen here as an exemplar to demonstrate the feasibility of the proposed
methodology, although the approach is generic and can be applied to any soft tissue that
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has histologically identifiable elements that are fluid-filled and interact with their ‘‘solid’’
counterparts. The prostate structure can be described as having two components; the
“solid” stromal tissue and the fluid-filled glandular tissue (Fig. 6-1).

0.1 mm

0.1 mm

Figure 6-1. The two main histological components of prostate tissue. Left, “stromal”,
consisting mostly of connective tissue, smooth muscle cells and fibroblasts, stained with
anti-smooth muscle antibody. Right “epithelial”, consisting of glandular acini, lined with
epithelial cells, stained with anti-PSA antigen.

Leaving aside the complication that the glands are surrounded by epithelium cells and
that the stroma contains interstitial fluid and is, in itself, viscoelastic, this simplified
model can be usefully deployed as it is well-established that the stromal/glandular
morphology is affected by a number of pathological conditions, most notably prostate
cancer [185] and benign prostatic hyperplasia (BPH) [12], and that the morphological
changes can be detected mechanically [32], [185]. Moreover, these morphological
changes are manifest, in cancer, to a varying degree according to severity using a system
originally devised by Gleason[168], which characterizes the extent to which the glandular
component of the prostate tissue has become undifferentiated.
Samples of prostatic tissue were extracted from an image of a histological slide of a
patient, who has been diagnosed with acinar adenocarcinoma and with Gleason score
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3+4. The histological slide stained with hematoxylin and eosin (H&E) is shown in Fig.
6-2(a), and an example of the microstructure of the cancerous tissue in Fig. 6-2(b). In
prostate cancer, tissue morphology changes and the glandular structures therein exhibit
poorly formed acini in diffuse patterns with agglomeration of epithelium cells [168]. Ten
representative acinar structures (in an equal number of cancerous and healthy samples, in
representative ‘regions of interest’, ROIs) obtained from the histological image as shown
in Table 6-1, will be used for the computational study. The images were converted into
grey scale and segmented in Scan-IP (Simpleware, Exeter, UK), firstly by a greyscale
filter using a threshold of 160 (i.e. 0-160 for the ‘solid’ tissue phase and 161-255 the
acinar fluid), and then filtered by an ‘island’ isolation algorithm to remove the acinar
space that is not directly connected to the main structure (e.g. white pixels at the centre),
as shown in Fig. 6-2(c). Finally, a boundary smoothing technique is applied[186], which
preserves the area fraction of the fluid phase while generating smooth boundaries of fluid
channels, making all the tissue samples suitable for fluid-structure interaction analysis
(details are given below).
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Figure 6-2. From tissue histology to computational models. a) Cancerous region of
prostate tissue histology. (b) an ROI of cancerous sample; (c) Image processing
performed in Scan IP Simpleware using methods described above; and (d) The
computational model prepared for FSI.

Table 6-1. The dimensions and structures of chosen ROIs for both cancerous and noncancerous samples. Red circles denote the fluid outlets at the ROI boundary.
Samples

Dimension (mm) Histology

Cancer – No. 1

0.747 × 0.603

Model
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Cancer – No. 2

0.764 × 0.630

Cancer – No. 3

0.495 × 0.469

Cancer – No. 4

0.536 × 0.510

Cancer – No. 5

0.764 × 0.844

Non-cancer No. 1

0.536 × 0.469

Non-cancer - No. 2

0.509 × 0.509
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Non-cancer - No. 3

0.295× 0.375

Non-cancer – No. 4

0.469 × 0.295

Non-cancer – No. 5

0.348 × 0.322

Modelling of fluid-structure interaction
The simulation of fluid-structure interaction is performed on all chosen ROIs, within a
framework of numerical homogenization (discussed later), in order to quantify the
viscoelastic response of prostatic tissue subject to stress relaxation, due to the movement
of acinar fluid in the tissue microstructures.
In this study, slightly-compressible fluid flow model is used to account for changes in
fluid density despite the relatively low fluid velocity. In slightly compressible flows,
density depends only on pressure, as
𝑝
𝜌 = 𝜌0 (1 + )
𝑘

(6-1)

where ρ is the fluid density with the compressibility and ρ0 is the density at p = 0. The
conservative form of continuity equation remains the same as that in the general case.
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The non-conservative form of the continuity equation in slightly compressible flows can
be written as[187]
𝜌0 𝜕𝑝
[ + v ∙ ∇𝑝] + 𝜌∇. v = 0
𝑘 𝜕𝑡

(6-2)

where k is the fluid bulk modulus of elasticity and ρ0 the density at pressure p = 0. The
density of fluid component q is assumed as ρ = 1000 kg/m3 with the bulk modulus of k =
2200 MPa and viscosity ʋ = 3.5 cP [178]. Equivalent elastic modulus of 50 kPa is used in
this study a Poisson's ratio of 0.49[177], to which the neo-Hookean model is fitted as
discussed in chapter 5.
To characterise the viscoelastic properties, stress relaxation is applied to each RoI model,
which undergoes an uniaxial deformation with an equivalent strain of 3%, carried out in
various duration hence various strain rates, followed by stress relaxation under sustained
strain at 3% strain for 6s. Similar to chapter 5, Prony series[69] are used here to
characterise time-dependent stress profile resulted from the relaxation test, which is
obtained from average of effective stress (e.g. Von Mises) over all integration points of
the solid phase Formulation of numerical homogenization.
All models of ROIs are meshed in ADINA (ADINA R&D Inc., MA, USA) using 4-node
triangular elements for the phase of acinar fluid and 9 nodes quadrilateral elements for
‘solid’ tissue phase. As mentioned above, stress relaxation is used here to characterise the
viscoelastic behaviour of the chosen tissue microstructures, where a uniaxial strain of 3%
is applied and then kept constant for a duration of 6s. To better understand the influence
of the direction of loading and the degree of anisotropy of the tissue microstructure, each
sample was subject to two, i.e. vertical and horizontal, uniaxial stress relaxation tests. In
addition, an ALE (Arbitrary Lagrangian Eulerian) algorithm is used to account for fluid
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mesh deformation, in which the moving boundaries were tracked using the Lagrangian
approach and the stationary boundaries by Eulerian approach. As mentioned above, stress
relaxation profile over time is obtained by averaging the effective stress of all integration
points across the entire solid phase in each ROI. To implement the numerical
homogenization, a set of prescribed boundary conditions are used [114], [180], as
illustrated in Fig. 6-3. For the solid phase, symmetry boundary conditions were used on
two sides of the solid models, whereas for the fluid domain opening boundary conditions
are used at the boundary of ROIs, allowing both inlet/outlet flow depending on the
pressure profile in the acinar channel compared to the reference pressure (equivalent to
the initial pressure in the channel prior to the application of loading, to mimic the far-field
interstitial pressure), which allows the fluid exchange (although not modelled explicitly)
with the surrounding tissue environment. It should be noted here that, since it is not
possible to directly acquire the 3D structure of acini (i.e. off the histological plane), it is
hypothesised that each acinar structure modelled has two ‘outlets’ that connect to the
external channel network. The position of the outlets is chosen based on the least
manipulation in the acini structures (i.e. close to the boundary of the ROI), with the
condition of existence of one outlet in each side of the ROI. It should be noted that due
to the nonlinearity of the geometry the results may vary by changing the outlet location.
The width of the outlets is chosen by using the averaged diameter of all fluid channels
measured from 50 points along the channel within of the ROI and it was found to be 4.19
µm for non-cancerous samples and 3.29 µm for cancerous samples, respectively.
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Figure 6-3. The symmetry conditions are applied for solid boundaries, and the red circles
denote the fluid outlets at the ROI boundary.
Results and Discussion
Based on the parametric study presented in chapter 5, the feasibility of the proposed
methodology is further demonstrated here using models reconstructed from the tissue
histology. The two representative ROIs (i.e. Non-cancer/Cancer – No. 1) illustrated in
Table. 6-1, were reconstructed to consist only of solid and fluid phases in order to be
compatible with the simplified channel models, although with more complex and realistic
tissue microstructure. Again for simplicity and to be compatible with the parametric study
of geometry, only the benchmark values were used for the viscosity of the interstitial fluid
and modulus of the solid phase. The configurations used in the numerical homogenization
remained the same and five strain rates, ranging from 0.03 to 0.15 s-1, were used. In this
section, the stress relaxation curves are presented (in Fig. 6-4) alongside maximum
average stress in the element as the reaction force curves could be confused by the fact
that ROIs are of different sizes.
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Figure 6-4. Evolutions of maximum average stress and the time constant of both
histology-based models subject to increasing strain rate.
From Fig. 6-4(a) it can be seen here that, for both cancerous and non-cancerous ROIs, the
peak stress increases when the strain rate becomes higher, and, significantly, that the
cancerous model has a higher peak stress than the benign one at all values of strain rate,
consistent with much of the published literature. The apparent time constants for both
models, as shown in Fig. 6-4(b), reduce with increasing strain rate, the malignant ROI
exhibiting a higher time constant, hence a slower relaxation, than the benign one. As for
the channel models discussed previously, it seems that the complexity of the tissue
microstructure in the cancerous ROI hinders the fluid movement, leading to a slower
relaxation. In this regard, it can be seen that the microstructural changes in tissue have
significant impact on the apparent viscoelasticity of tissue. It is worth highlighting here
that considering only the peak reaction force (stiffness in the sense of elasticity) might
not be enough as an effective diagnostic index, and that this could be enhanced by taking
into account the viscous behaviour, for example in the form of a time constant. Such
conceptualization of the structure-property relationship could enhance the interpretation
of diagnostic approaches such as instrumented elastography and palpation [45], [70].
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Furthermore, probing tissue dynamically at a range of frequencies could help to reveal
processes going on at a range of length scales. Such viscoelastic behaviour could be linked
to different biological features such as density and size of acini, which have been related
to different Gleason scores for diagnosis of prostate cancer. The method could also be
applied to other diseases, such as fibrosis and steatosis of the liver and breast cancer
[188].Fig. 6-5 shows the normalised stress profile during relaxation, using the peak value
of average effective stress at the start of the relaxation, for non-cancerous and cancerous
tissue samples, respectively. The differences between vertical and horizontal directions
of stress relaxation are compared in Fig. 6-5(a-b) for non-cancerous samples and Fig. 65(c-d) for cancerous samples. It is shown that, at the length scale of the chosen ROIs (i.e.
single acinar structures), a certain degree of anisotropy can be observed. However, since
the orientation of the acinar structures has no obvious preferential direction (i.e. having a
random orientation) in the entire tissue microstructure, such anisotropy is expected to
gradually reduce when the size of RoI increases (i.e. at higher length scales). It can also
be seen that in most non-cancerous samples the relaxation reaches steady state within 6s.
However, this is not the case in most cancerous samples, indicating rather different
relaxation characterizations. This indeed shows the influence of narrower channels in the
cancerous samples, leading to less capacity of fluid movement, in comparison to the noncancerous ones. Interestingly, some fluid channels are observed to close during the
loading stage (data not shown) due to deformation of the solid structure, leading to
possible reduction or even blockage of local fluid movement. Those channels restore their
original sizes during stress relaxation, indicating the re-establishing of the flow path while
the fluid pressure in those channels stabilises. Such phenomenon, although not revealed
in prostate tissue before, has been previously reported in brain tissue showing increased
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hydrostatic pressure in tissue during confined compression test and fluid dissipation over
time during stress relaxation [65].

Figure 6-5. Normalised stress relaxation curve for both healthy and cancerous samples
in vertical (a,c) and horizontal (b,d) directions respectively.

Fig. 6-6 shows the instantaneous (E0) and long-term (Einf) moduli along the vertical (x)
and horizontal (y) axis of cancerous and non-cancerous samples, respectively. The
average E0 in cancerous samples is higher than those non-cancerous ones, which is in line
with the experimental data of the elastic modulus of prostatic tissue under compression
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that has been previously reported[106]. These results, again, show variations of both
moduli between two principal directions, highlighting a certain degree of anisotropy at
the length scale of the chosen ROIs. It should also be noted that, comparing box sizes (i.e.
distribution of 25%-75% quartile) in two horizontal and vertical directions, in the case of
the cancerous tissue the difference is higher which can be linked to the less organised
tissue morphology[166]. In cancerous tissue, the channels are narrower, therefore,
blockage of fluid movement makes the tissue appear to be stiffer when compressed. On
the other hand, for long-term moduli, the average does not show a significant difference
between two groups of samples. This can be due to the fact that equilibrium state of the
hydrostatic pressure is reached in most samples at the end of the 6s relaxation.

Figure 6-6. Statistics of instantaneous (E0) and long-term (Einf) moduli of all RoI chosen,
for both directions. The boundary of box chart shows 25% -75% quartile.
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Fig. 6-7 shows the values of two time constants, 𝜏1 the short term and 𝜏2 the long term,
obtained from fitting normalized stress relaxation curves with two term Prony series in
Eq. (3), for cancerous and non-cancerous samples, respectively. It is noted that 𝜏1 shows
little difference between two groups of tissue samples. On the other hand, 𝜏2 is
significantly higher in cancerous samples, meaning slower stress relaxation. This could
be due to the complex morphology (i.e. channel topology) in cancerous tissue in which
the fluid is not capable of moving freely in the channels during the relaxation. On the
contrary, in non-cancerous samples the, tissue microstructure has wider and more open
channels leading to greater capacity of fluid movement. It is evident that the
microstructural changes in prostate cancer, which could be correlated to their Gleason
score (i.e. morphological indices), could influence its apparent viscoelastic behaviour.
Therefore, it is envisaged here that viscoelastic analysis of prostatic tissue could provide
critical information of the pathological conditions of the tissue and may be used as a
diagnostic index for tissue quality assessment.
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Figure 6-7. Fitting of stress relaxation profiles using two-term Prony series, for cancerous
and non-cancerous samples.

Resistance to fluid movement could be another parameter which emphasizes the
interaction of fluid with solid tissue structures and its correlation with viscoelasticity.
Resistance to fluid movement in the fluid domain is calculated following the Poiseuille’s
law [189], as
𝑅𝐹 =

∆𝑃
𝑄𝑉

(6-3)

where ∆𝑃 is average of pressure difference (i.e. during the relaxation) of all nodes in fluid
domain and QV the volumetric change of the fluid domain. Although this formulation is
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simplified and applies only to steady, laminar flow through rigid pipes, Poiseuille’s law
has been used in analysis of respiratory[190], cardiovascular[191]and other physiologic
flows[192], and is employed here in order to gain an quantitative understanding of how
the capacity of fluid movement changes with respect to

the evolving tissue

microstructure. Fig. 6-8 shows the flow resistance (RF) calculated from Eq. (6-4) for all
tissue samples. It can be seen that RF is higher in cancerous samples which could be,
again, as already discussed above, attributed to the differences in tissue morphology
leading to reduced capacity of fluid movement therein. In the case of an idealised
cylindrical pipe, the value of RF is proportional to the length of a pipe and inversely
proportional to its radius (to the forth power). In prostate cancer, cells proliferate
irregularly giving rise to the drastic changes in the acinar structures[168], leading to
narrowed channels and more complex channel topology thus higher flow resistance,
which could be also the reason why higher apparent diffusion coefficient was observed
in other studies[184], [193]. Parker [68] has observed increase of tissue stiffness by
performing a compression ex-vivo test on liver tissue samples which have been swelled
from hypotonic saline; swelled samples cause the constriction of fluid channels which
therefore results in increase of fluid resistance. Nevertheless, the relationship clearly
shows the higher value of RF is in line with the higher time constant 𝜏2 for stress
relaxation in cancerous samples which has been shown previously in Fig. 6-7. This
demonstrate the link between fluid flow resistance and viscoelasticity due to narrowed or
even blocked channels subject to compressive deformation of the solid tissue structure,
which reduces the fluid moving capacity thus leading to localised increase in the fluid
pressure. This confirms that the fluid movement in prostate tissue contributes to the
apparent tissue viscoelasticity, since it is the only source of viscoelasticity (the intrinsic
viscoelasticity of tissue components is not modelled here).
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Figure 6-8. Fluid resistant RF, calculated for all chosen ROIs, for both cancerous and noncancerous samples.
Concluding remarks
This chapter aims to study the effects of histology-specific features, e.g. cancerous and
non-cancerous of prostatic tissue. This study provides an insight into previously
stablished framework in order to quantify the contribution of fluid movement in tissue
viscoelasticity. The following key findings are highlighted below:


Micro-morphological changes due to the certain pathological condition of tissue
influences the viscoelastic response of the tissue.
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Viscoelastic parameters (e.g. time constant, instantaneous (E0) and long-term
(Einf) moduli) could provide more accurate information about the tissue condition
and therefore can be used as indices for tissue quality assessment.



Changes in the microstructure cause the confinement of fluid channels,
conseuquently leading to an increasing fluid resistance.

The findings of this chapter are restricted to histology images presented in Table 6-1.
Increasing the number of samples would be beneficial in order to increase the database
for the purpose of quantitative tissue assessment. Due to a limitation in how the
histological images were acquired, at this stage, the models can only be in 2D. As a result,
information regarding the third dimension and 3D nature of the tissue microstructure is
missing. Furthermore, this study focused on a single acinar structure, and its ‘interaction’
with the surrounding acini was modelled using the fluid inlet/outlet (which represents the
ambient interstitial pressure). Furthermore, it was assumed that the solid phase of tissue
is isotropic and elastic, and the viscoelasticity of tissue components was not taken into
account (this is not necessarily a limitation as the aim of this chapter is indeed to quantify
the source of viscoelasticity due to the fluid movement within tissue microstructure). It is
hoped that as a part of the future work experimental validation of this framework will be
conducted, ideally in an in vivo environment where the viscoelastic response is measured
and the fluid movement can be monitored by real-time imaging technique. Ultimately, it
is expected that such an approach will provide an in-depth understanding of the origin of
viscoelasticity in prostate (or in soft tissue in general), and lead to a computational tool
that can give more useful information about the quality/condition of tissue in an
inexpensive way and allow a reduction in the number of expensive and invasive biopsies
and clinical scans.
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7.1

Conclusions

Biomechanical engineering is one of the multidisciplinary fields that has seen a rapid
growth in the last few decades. This field involves innovation in the application of
mechanical engineering principles to improve the quality of human life by resolving key
healthcare challenges in a variety of areas. One such area relevant to this thesis is clinical
diagnosis and medical devices. This thesis aimed to contribute specifically to soft tissue
characterization by tackling the multiscale, multiphysical and multiphasic problem of
mechanics of soft tissue. The work was expected to point the potential advances in
diagnostic techniques resulting in an impact on increasing the life expectancy of the
patients. In particular, the main objective was to investigate how microstructural changes
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in soft tissue subject to various pathophysiological conditions influences its mechanical
properties, e.g. viscoelasticity, by taking into account its biphasic nature (i.e. consisting
of solid and fluid phases).
The main conclusions of this thesis is provided in the following section.

Chapter 3: Image processing and microstructural characterization of prostatic
histology


A framework has been proposed for morphological indices for the microstructural
analysis of prostate tissue histology based on image processing.

The advantage of this is that the proposed indices are able to categorise different
pathologies in prostate tissue based on variations in their microstructural morphologies.
This methodology could be applied to other tissue types, especially those consisting of
the glandular structures, e.g. breast tissue. The results of this chapter were further used in
Chapter 4, to help correlate the tissue microstructural indices to its apparent mechanical
properties.

Chapter 4: Multiscale mechano-morphological homogenization of prostate tissue


Proposed a framework for microstructure-based numerical homogenization of soft
tissue.



Correlated microstructural indices to the apparent mechanical properties of the tissue.

In this chapter two main contributions were made; firstly, a framework for multiscale
homogenization of soft tissue in various pathological conditions was established;
secondly, the apparent mechanical properties of tissue samples were correlated to their
microstructural indices, which were previously discussed in Chapter 3. This provides
quantitative diagnosis on tissue conditions (i.e. either cancerous, BPH or healthy) to be
104

made from both mechanical tests and the image processing results performed on the
samples. More importantly, this also provides a deeper understanding of the degree of
anisotropy of prostate tissue samples, which can also contribute to diagnostic methods
(e.g. those based on mechanical properties) by providing a fresh perspective of the
heterogeneity and material anisotropy of the examined tissue.

Chapter 5: Parametric study of simplified tissue structure – considering the biphasic
nature of prostate tissue


A numerical framework integrating fluid-structure interaction modelling with the
numerical homogenization scheme was used, to explore the influence of the
microstructural variations in various prostate tissue samples in the movement of
interstitial fluid therein;



hypothesised that the viscoelasticity in prostate tissue could be contributed, in part,
from the fluid movement in tissue microstructure and its physical interaction with the
tissue solid phase;



Verified the proposed hypothesis in both analytical simplified models and realistic
microstructure reconstructed from tissue histology.

In this chapter, compared to the previous efforts made in literature for homogenization
analysis in biological tissues[166], the framework established here takes into account the
interaction between fluid phase (e.g. acinar fluid in prostate) and structural phase (e.g.
stromal tissue in prostate) in prostate tissue. The microstructure of prostate tissue was
simplified in order to carry out a parametric study and verify the proposed framework.
Furthermore, two realistic tissue microstructures reconstructed from cancerous and noncancerous part of prostate histology were used to further demonstrate the feasibility of
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the proposed framework. This chapter highlighted the importance of fluid movement and
its effect in the apparent mechanical properties of tissue. This framework could provide
a novel insight into the source of viscoelasticity in prostate, and potentially in other
glandular tissues, in addition to the well-known source of viscoelasticity as a result of
intrinsic properties of tissue components such as elastin and collagen fibres.

Chapter 6: Viscoelasticity in prostate tissue due to fluid-structure interaction – a
further study


Carried out fluid-structure interaction modelling of prostate tissue for cancerous and
non-cancerous pathologies;



Investigated the effect of changes in tissue microstructure in their mechanical
properties based on realistic histological samples of prostate;



Explored the fluid resistance with respect to microstructural changes and its
correlation to the apparent tissue viscoelastic properties.

This chapter employed the methodology proposed in the previous chapter and provided a
more comprehensive understanding of the tissue viscoelasticity arising from the fluid
movement in tissue microstructure. This framework compared the viscoelasticity in
cancerous and non-cancerous tissue samples. Changes in the tissue microstructure were
shown to affect the apparent viscoelastic time constant and fluid resistance of the tissue.
As a result, cancerous samples have higher time constant and instantaneous moduli than
non-cancerous ones. Using the apparent time constant as an additional index could
provide more information of tissue quality and if a larger database of tissue samples can
be obtained, it is envisaged to help improve the precision of non-invasive clinical
diagnosis including those based on palpation measurement techniques.
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7.2

Limitations and a glimpse into the future

The main aim of this thesis was to gain a deeper quantitative understanding of the
elasticity and viscoelasticity in prostate tissue, and more importantly, their variations with
respect to different pathologies. Although the methodologies proposed in this thesis have
been verified, in some cases, in realistic scenarios such as those using histological images,
certain challenges are still to be addressed in the future to further implement this work to
clinical practice.
A number of limitations of this study will be discussed below, alongside ideas that could
mitigate or resolve those by possible future work. :
A larger database of histological samples: In all the chapters data from patients have
been used to check the feasibility of the proposed methodologies. However, the datasets
used in Chapters 3 and 4 are limited to one histological image (one prostate sample). It is
expected that an increase in the number of histological samples would improve the
accuracy of the models in a more statistical way. It would also enable the investigation of
the intra- and inter-patient variabilities, which are of critical importance prior to potential
clinical application. Such results could also be used to develop tissue classification based
on a range of indices (either mechanical or morphological) as an assistant to the clinical
diagnostic indices that are currently being used by pathologists.
Applying the approach to other tissues and pathologies: The main focus of this thesis
was on prostate tissue. However, it should be noted that prostate tissue was used as an
exemplar tissue system in this thesis. The proposed methodologies have the potential to
be introduced and tested on other tissue types, especially those with glandular structures,
which could significantly extend the impact of this thesis work.
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3D implementation:

Since all the tissue morphologies used in this thesis were

reconstructed from histological images, the microstructures are all in 2D. As a result, the
behaviour along the third dimension, and particularly the fluid movement when FSI is
used, is neglected. It is expected that, in the future, the acquisition of such 3D models of
prostate tissue with detailed microstructural descriptions will be made available. This
would provide a better picture of channel interconnectivity in order to fully understand
the role of fluid movement in 3D tissue microstructures.
Experimental validation and diagnostic devices: Experimental validation of the
proposed framework in Chapter 5 would be an ideal addition to the noble advantage to
support the current computational results. This experimental validation could be in the
form of ex vivo mechanical measurements (e.g. indentation or uni/bi-axial tensile tests)
or even in vivo measurements during surgery. Design of systematic experiments to
validate the proposed methodology would make a significant impact on the applicability
of the proposed methodology for clinical use. Implementation of such a methodology in
a potential medical device (e.g. static or dynamic palpation) for the diagnostic purpose
might be of interest. Such a device would provide a measurement of tissue mechanical
properties (e.g. viscoelasticity), thus providing useful information about the nature of
tissue quality (e.g. classification of pathologies, grade and invasiveness of cancer) by
performing in vivo tests during the cancer screening process or surgery.
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